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ABSTRACT:
Over 3.7 million people are in high risk of coastal flooding and live within 1 mile
of high tide in the US alone. The Atlantic coast is one of the most vulnerable areas due to
its low elevation, large population, and economic importance (Bray, et. al, 2016).
Coastal municipalities in the region of Southeast Florida, such as the cities of Miami,
Miami Beach, Fort Lauderdale, etc., are at especial risk from coastal flooding related to
sea level rise. The US National Climate Assessment has named Miami, Florida as the
economically most vulnerable city impacted by this sea level rise in the world (Melillo et.
al, 2014). Virtually all coastal communities in Southeast Florida are now experiencing
increased incidents of coastal tidal flooding and coastal storm flooding related to sea
level rise. This has led to a variety of responses by coastal communities in how to address
this issue. In the case of the City of Miami Beach, the city has come up with an ambitious
but expensive plan to help combat the increased urban coastal flooding that is now
occurring multiple times a year. They invested over 500 million dollars into replacing the
increasingly less-effective gravity-based drainage system with a pump-based system
(Bray, et. al, 2016). With these influences, we hypothesized that microbial communities
would significantly differ between three years (2014-2016) and that the potential
pathogens would increase over the past years. Genetic analyses of the 16S rRNA V4
region yielded a total of 77,346 unique bacterial OTUs from a total of 96 samples
collected monthly for three years from 2014-2016.
The most abundant OTU within the whole sample set was
New.ReferenceOTU407 or Arcobacter in the Campylobacter family with an overall
abundance of 0.008232535481%. The second most abundant organism in the sample set
was Bacillus, or OTUNew.CleanUp.ReferenceOTU121132, with an overall abundance of
.007797807097%. Bacillus may cause many more foodborne illness than is known and
one main reason that there is not more reported cases is because people do not seek
medical attention (FDA 2012). The remaining pathogens except for Serratia,
Pleisomonas, and Cronobacter were all with an abundance over .001%, with Salmonella,
Yersinia, and Listeria not being identified at all within the data set. By showing that
genetic signatures for this bacterium, especially Arcobacter, was present in more than
half of the samples stresses the importance of better understanding of the microbial
population within South Florida waters and how to prevent or reduce future outbreaks by
making sure the water is treated correctly before use, and to better identify potential
exposure sources in water.
Keywords: South Florida, Pathogens, Flooding, Coastal Flooding, Microbial
Communities, Campylobacter, City of Miami Beach
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CHAPTER 1:
INTRODUCTION
SIGNIFICANCE OF SEA LEVEL
As the global temperature increases, the same can be said about the average sea
level. Data collected from core samples, tide gauge readings, and satellite measurements
tell us that the Global Mean sea level has risen by 4 to 8 inches, however, the annual rate
of rise has increased over the past 20 years by about 0.13 inches a year (Pattern, 2014,
Fenway, 2002). Global warming is identified by scientists from the National Academy of
Sciences to be the cause of at least half of more than 5 inches of sea level rise during the
20th century (Upton, 2016, Stone, 2013). This increase is caused by the added water from
melting land ice and the expansion of sea water as it warms, which is in turn caused by
the emissions from fossil fuels. (Ramaswamy, et al., 2006).
The consequences of these factors are causing devastating effects of coastal
habitats. For example, as the sea level rises, and the water reaches further inland it can
cause unnecessary flooding (i.e. wetlands), erosion, contamination of aquifers and
agricultural soils, and extreme destruction of habitats for fish, birds, and many plants
(Pattern, 2014, Shaftel, 2013, Santer et. al., 1996). Regardless of the advances in flood
science and the implementation of federal hazard-reduction policies, roughly 700 million
people who live in low-lying coastal areas will continue to be directly affected by
flooding (Costa, 2003). Over 3.7 million people are in high risk of coastal flooding and
live within 1 mile of high tide in the US alone and the Atlantic coast is one of the most
vulnerable areas due to its low elevation, large population, and economic importance
(Bray, et. al, 2016, UNEP, 2004). The US National Climate Assessment has named
Miami, Florida as the economically most vulnerable city impacted by this sea level rise in
the world (Melillo, et. al, 2014). Rain-induced events have become more frequent in the
recent years and around the fall equinox (September-October), the tide-induced flooding
events have also become more frequent (Bray, et. al, 2016).
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MIAMI-DADE AND BROWARD COUNTIES REACT
In order to combat the increased flooding in the City of Miami Beach, the city has
come up with an expensive plan. They invested over 500 million dollars into replacing
the gravity-based drainage system with a pump-based system (Bray, et. al, 2016) since
the traditional gravity-based drainage approach is progressively losing effectiveness as
sea level rises and chronic coastal flooding becomes more frequent and severe. These
pumping systems, along with other floodwater mitigation improvements such as raising
streets and sidewalks, actively changing layouts of beach areas and associated drainage,
changing placements of seawalls and/or natural barriers, etc., are being put into place in
hopes of preventing the rising waters from damaging public infrastructure, homes, and
businesses, or from discouraging the economically important tourism of the area.
Naturally the coastal floodwaters pick up a variety of contaminants and debris, and the
pumping system moves these floodwaters to a collection of central floodwater catchment
points that then discharge the collected floodwaters from the area back into Biscayne Bay
or into urban canals that in turn empty back into the Bay. The pumping catchments work
like a vortex system that rids the water of bigger debris at a rate of 14,000 gallons per
minute; however, this system does not chemically treat the water, remove dissolved
nutrients or other chemicals, nor remove potentially harmful microbes (Wendel, 2016).
The microbes being mobilized by the floodwaters are not all coming directly from the
street, they can also come from biofilms in storm drains and on other urban infrastructure,
and in the case of tidal floodwaters, it is not just surface flooding, but also flooding from
underneath that can mobilize underground contaminants into the floodwaters. Many
urban areas typically use separate sewer systems to transport wastewater and storm water
with the two pipes buried very close together and with Miami being an older community,
the possibility of misconnections or corrosion over the years is possible (Hu, 2018).
According to McLellan (2015), in a single combined sewer overflow, millions to billions
of gallons of storm water runoff and untreated sewage can be released and with the
bacterial densities in storm water and sanitary sewage being much higher than receiving
waters. These overflow events could leave a significant imprint on the natural bacterial
community (McLellan, 2015). The specific contaminants picked up by such tidal
floodwaters depends on the history of the area being flooded and its legacy of subsurface
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contamination. Like many urbanized coastal municipalities throughout the US and
around the world, the city has an old sanitary infrastructure with potentially leaking
sewage systems, retired septic tanks, and other potentially faulty sanitary infrastructure
layered on top of a bed of porous limestone that allows the water to soak up through the
soil, picking up bacteria on its way (Wendel, 2016, Billian et al 2018). In addition, certain
areas may have a legacy of underground contamination of petrochemicals, heavy metals,
pesticides, commercial chemicals, and so forth from sites of old gas stations, dry
cleaners, fabrication shops, industrial sites, etc. The increased tidal inundation of the
highly urbanized shoreline is more than likely to contribute to increased mobilization of
microbes, chemicals, excess nutrients, and other contaminants, so as these coastal
communities start to deal with the sea level rise, consideration needs to be made of not
just where and how deep flooding is occurring, but also what potential land-based
contaminants the floodwaters are mobilizing, and to recognize the potential risk to both
public and environmental health represented by these floodwaters. Thus, in the
management and planning of coastal flooding mitigation, they also need to consider the
management of the resulting water quality impacts from floodwaters.
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THE HISTORY OF MICROBES AND ADVANCES IN TECHNOLOGY
Microbiome research has shown that in order to fully characterize and begin to
understand the requirements of an organism to survive, one must first characterize and
understand the microbiome of the organism. Microorganisms make up a diverse world of
an estimated 3.8 billion years of evolution that represent two of the three domains of life
in which we still know very little about (Riesenfeld, et al. 2004). Microbiomes of an
organism is the addition of the organism, a distinct operational component that can serve
as the organism’s exclusive form of identification. Since the first observations using the
primitive microscopes in as early as the 1600s, the study of microbes has been emerging
slowly to give scientists the tools they need to understand our world. When
Leeuwenhoek invented the microscope was the first time that microbial life was
recognized in science (N.R., 1997). However, even with this invention, microbes and
their morphologies could not be classified by morphology usually because they were
nondescript rods and spheres as compared to larger organisms, which were much easier
to classify by morphology (Pace, 1997). Key ideas became established slowly. Since
then, scientists have made significant discoveries in the evolution of disease, conquering
even some of the most vicious and traditionally killer diseases (Wainwright, 1992). These
same techniques used to conquer diseases have now been applied to the knowledge of
microbial ecology and physiology to help solve environmental problems (Wainwright,
1992). The field of microbiology had two major developments that assured its progress.
The first was the advancement in microscopes which helped in the visualization of
microbes and the second was the methods by which scientists cultured microorganisms
which in turn helped scientist’s from relying totally on microscope-based observation
(Wainwright, 1992, Morgan, 2012). Organisms could now be classified without actually
cultivating them but by obtaining and sequencing the macromolecules from nature and
using oligonucleotide probes to manipulate and quantify molecules from different
organisms (Medicine, 2011). The first step in investigating bacterial processes is
obtaining bacteria in pure culture, however, only 1% or less of standard culturing
techniques account for the bacterial diversity in most environmental samples resulting in
a need for culture-independent techniques (Riesenfeld, et al. 2004). With these
techniques, scientists would be able to culture thousands or millions of unknown species

4

within the environment and would greatly improve our understanding of microbial
communities’ composition, dynamics, and activity. The new method involving the
sequencing of ribosomal RNAs and the genes encoding them by sampling the genome
sequences of a community of organisms opened a new era of microbial ecology that
helped to describe uncultured bacteria in the environment (Riesenfeld, et al. 2004). This
new field was termed ‘metagenomics’ and it continues to open up perspectives on
microbiology. Metagenomics begins with the extraction of genomic DNA from cellular
organisms which produces multiple copies of the genome fragment that scientists can use
for sequencing (Hugenholtz and Tyson, 2008).
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NEW METHODS
Carl Woese changed the microbial ecology world by resolving the earliest events
in microbial evolution. The new technology that was being developed was dependent
upon the molecular phylogeny of ribosomal RNA (rRNA), most specifically the small
subunit (16s) rRNA (Medicine. 2011, Rappe and Giovannoni, 2003). This gene has 9
adaptable regions (Wang Q. 2007). This rRNA molecule can be found in almost all
bacteria and has stayed relatively the same over history, making it an ideal taxonomic
marker and ideal for the comparison of species on a broad spectrum (Janda JM, 2007).
Most species, however, of marine bacteria are not cultured and the identification with
next generation sequencing can be more difficult.
Next generation sequencing (NGS) is a relatively new type of sequencing that
allows scientists to sequence an entire genome within a single day (Behjati S, 2013).
With NGS, there are several different platforms that use different sequencing
technologies to sequence millions of small fragments of DNA in sync (Behjati S, 2013).
This technology can be used to sequence very small, specific areas of a genome or an
entire genome. These new techniques are applied to identify and characterize marine
microbes.
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Figure 1: Bioinformatic methods for functional metagenomics

7

THE COAST AND ITS MICROBIOME
The world’s oceans are of the vastest areas on this planet and the marine
microbes that inhabit them are the most dominant organisms in the oceans. These
microbes contribute to the oceans in such a way that the world would not be able to
function in the ways we now observe every day. These microbes were a mystery to
scientists and ecologists before the late 1970’s mostly because of the incongruity within
the studies resulting in conflicted abundance counts (Pedros-Alio, 2006). The first
invention that allowed for the most accurate counts of total number of microbes in the sea
were the development of nucleopore filters and epifluorescent microscopy (DeLong,
2009). Nucleopore filters were preferred over the cellulose filters because they have a
homogeneous pore size and a very flat surface compared to the cellulose that had very
rough and uneven surfaces (Hobbie S, 1997). The new filters ensured that all the bacteria
remained on the surface of the filter and therefore was included in the abundance counts
(Hobbie S, 1997). These developments, called the ‘great plate count anomaly,’ were the
pivotal point in history that revealed that the studies completed before on marine
microbes were completely underestimated, up to at least three orders of magnitude in a
milliliter of seawater (DeLong, 2009, DeLong and Karl, 2005; Handelsman, 2004).
Since the discovery of hydrothermal vents in 1978, many new technologies have
been developed, such as the discovery of viable but nonculturable (VBNC) microbes in
1981, which in turn made scientists turn to new mechanisms to characterize bacteria
without using culture-dependent methods; Sequencing of microbial rRNA and
Polymerase Chain Reactions (PCR) (Riesenfeld, et al. 2004). These techniques became
popular because they overcome the limitations that scientists have when the DNA is
minimal or when there is nonessential parts in the sample (DeLong, 2009, Randall et al,
1988). In the Sargasso Sea, a study was conducted by Giovannoni and colleagues where
they used the new technique, PCR, to amplify 16s rRNA genes of different populations
and they found different novel microbial groups than what was previously cultured
(Giovannoni, 1990). This study helped convey to researchers around the world that PCR
could potentially solve the unknown in terms of marine microbes without the need to use
cultivated techniques. Developments in genome science and technology over the last 20
years have opened expansive opportunities in marine microbiology and ecology
8

(Handelsman, 2004; DeLong and Karl, 2005). Over 150 marine microbial genomes have
been sequenced since 2006, allowing scientists to discover even more about the evolution
of certain microbes and their genomes (Pedros-Alio, 2006).
The ocean has an estimated 10^4 to 10^6 cells per milliliter, making them
essential to certain roles in biogeochemical processes such as carbon and nutrient cycling
(Shinichi Sunagawa, 2015). Their biomass joined with high turnover rates and
environmental complexity supports immense genetic diversity. The modern advances
within the field of sequencing has allowed scientists to access the taxonomic and
genomic content of ocean microbial communities allowing them to further study
structural patterns, functional potential, and diversity. In another example, the Sorcerer II
Global Ocean Sampling (GOS) expedition collected, sequences, and analyzed 6.3
gigabases (Gb) of DNA from the samples they collect at the surface from a transect of the
northwest Atlantic to the Eastern Tropical Pacific (Shinichi Sunagawa 2015). With these
findings, they still concluded that the vast majority of the ocean microbiome still remains
hidden. After this study was completed, Tara Oceans systematically collected ~35,000
samples for genetic analyses that used different methods across different depths in which
they aimed to facilitate a study on how environmental factors and biogeochemical cycles
affect ocean life (Shinichi Sunagawa, 2015). They then took the samples collected and
integrated the data with those from public sources such as ocean metagenomics and
reference genomes in order to assemble a reference gene catalog which was then used to
derive global patterns of functional and taxonomic microbial community structures
(Shinichi Sunagawa, 2015). Developments in genome science and technology over the
last 20 years have opened expansive opportunities in marine microbiology and ecology
(Riesenfeld, et al. 2004).
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COASTAL WATERS AND ITS HEALTH RISKS
Coastal waters can have a completely different microbiome than the ocean that it
is connected to and the coastal waters located in southeast Florida possess very different
habitats than most. This coastline extends 142 km and is comprised of Miami-Dade,
Broward, and Palm beach counties with a total population of 5,710,953 people
(Campbell, 2015). The local reef ecosystem provides for most of the diversity within the
Florida coast, the reefs run parallel to the shoreline, making up about 125 km (Campbell,
2015). The microbial composition changes significantly across seasons which could be
due to the distinct wet and dry seasons that southeast Florida demonstrates, however,
land-based pollution could also be a huge problem along the coast that could cause the
microbial communities to be very diverse (O’Connell, 2018). This increase in land-based
runoff can result in eutrophication which can lead to conditions of hypoxia or anoxia and
decreased biodiversity which could in turn result in an increase of phytoplankton,
harmful algal blooms, and decreased zooplankton, bacterioplankton, and macro-organism
diversity (O’Connell, 2018). The reef and the surrounding water has been negatively
impacted over the years by the population of animals that inhabit it and people who use
the beaches and oceans for recreational purposes. So much that in 2000, the US Beaches
Environmental Assessment, Closure, and Health (BEACH) Act was passed in hopes of
developing beach surveillance programs that advise and inform the beach-goers of health
risks (Agency, 2004). These health risks can include gastrointestinal and other waterborne illnesses they could encounter while swimming. The quality of water is monitored
using fecal indicator bacteria (FIB), with enterococci being the recommended FIB for
coastal water and other marine environments (Aranda, 2015). From 2000 to present, the
Florida Department of Health (FDOH) has run a surveillance program within all coastal
counties with Miami-Dade County samples being collected once a week and resampling
occurring when the results exceed either the 30-day geometric mean of 35 colony
forming units (CFU) per 100 ml of water or 104 CFU/100 ml of water (Aranda, 2015).
This work on FIB in southeast Florida waters showed seasonal spikes (during the rainy
season) of Enterococci and Staphylococcus aureus due to nonpoint source storm water,
contamination sewage, dog feces, and human shedding (Campbell, 2015)
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SAMPLING SITES
Preliminary research on coastal flooding occurring in South Florida has indicated
the need for further investigation into exactly what contaminants are being carried back
into our oceans and waterways by floodwaters from highly urbanized coastlines. With the
realization that live enterococci counts in such coastal floodwaters and receiving waters
can be much higher than acceptable levels, there is a need for microbial sequencing to
better understand the composition, microbial community structure, and potential
pathogen populations of the microbiomes in these waters. The possible pathogens that
are living in our waterways and oceans are just as easily a threat to humans as to the
wildlife living just off the coast. It is important to find out just exactly what is happening.
Sampling of coastal tidal flooding during so-called “King Tide” events for this
study reported here took place during the fall seasons of 2014 -2016 in Broward and
Miami-Dade counties, both located in Southeast Florida. Broward county had two
distinct locations where sampling took place: Carrie B Cruise Dock and the flooding that
takes place on the New River Road across from the dock and on Las Olas Blvd
intersecting Coral Way. The sampling in Broward county only took place in 2016. Las
Olas Blvd intersecting Coral Way was chosen because of its tendency to severely flood
during the king tides every year. The Carrie B Cruise dock was chosen because of the
foot traffic that occurs almost every day and the tendency for the street across from the
dock to flood during the king tides. Miami-Dade has areas that have become notorious
for flooding during the king tides and also frequently during rain storms, with these
flooding events becoming more frequent and severe in recent years as sea level rise
progresses. Such sites in Miami-Dade County were chosen for the Shore crest
neighborhood in the City of Miami, and for multiple shoreline and canal sites in the City
of Miami Beach. In the case of Miami Beach, these locations were chosen at temporary
or permanent pump discharge points into either coastal storm drain outfalls at Biscayne
Bay or into interior canal outfalls that subsequently connect to Biscayne Bay. Other
Miami Beach locations included the surrounding street floodwater, as well as background
coastal receiving water at Biscayne Bay, collected by small boat. The Boat transects were
taken in western Biscayne Bay in the intercoastal area between the island of Miami
Beach and the mainland of Miami to give an example of what is in the Bay. The western
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side of Miami Beach is the lowest part of the island, and most of the floodwater runoff
occurs on that side, which is also where the coastal pump discharges for the storm drain
system that empties into the Bay. The samples for Indian Creek at 27th Street are in the
interior of the island of Miami Beach, with Indian Creek being an interior canal that
eventually empties into Biscayne Bay. The Pedestrian footbridge is located close to
Indian Creek and 27th street, where a lot of foot traffic occurs every day, and where there
is frequent heavy tidal flooding of streets and yards during King Tide events. Indian
Creek and 27th street had three locations where samples were taken during the flooding of
the king tides, and at the temporary pump that is placed there to alleviate the flooding
during the king tides and that discharges into the Indian Creek. At Gibbs memorial park
there were samples taken at the storm drain outfall, at the temporary pump at Dade Canal,
and at the secondary portable pump outfall. Note that during the King Tide events
sampled during this study the Gibbs Park storm drain outfall did not have any water flow
coming out of it and the pump was not running, thus there was not discharge at the Gibbs
Park Outfall. Thus, in the sample table, the shoreline samples collected at this site are
categorized as “coastal receiving waters” like the boat transect samples. However, even
though there was no discharge from the Gibbs Park Outfall, it should be noted that this
site is right near the mouth of the Dade canal (into which both the 17th street pump and
the temporary Gibb Park pump discharges into) so that it is possible that some of the
discharge from those pumps might possibly have been carried by the Dade canal into the
Bay and around the corner to the place of the Gibbs Park storm drain outfall that was not,
itself, ever activity discharging during this study. At Hobie beach park, on the causeway
between the City of Miami and Key Biscayne, the samples were taken straight off the
flooded beach in the morning and in the afternoon (i.e. from standing floodwaters on the
beach near the parking lot). The GPS coordinates for each location can be found in Table
1 and each site corresponds to the maps in Figures 2 and 3.
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Table 2: South Florida Sample Locations. The following includes the Location letter, Name, County of Location, and
Latitude/Longitude.

Name
Indian Creek_27th St.

County
Miami-Dade •

Latitude
25.80295

Longitude
-80.12705

Gibbs Memorial Park
14th Street Condo
Pedestrian Footbridge @
17th St.
Las Olas_Coral Way

Miami-Dade
Miami-Dade
Miami-Dade

25.792812
25.785258
25.805408

-80.144715
-80.144099
-80.126814

26.12013

-80.11845

17th St. Permanent Pump
Boat Transects

Miami-Dade
Miami-Dade •

25.792455
25.83187

-80.142977
-80.15925

Shore Crest Canal_Little
River Pocket Park
Hobie Beach
Carrie B Cruise Dock

Miami-Dade

25.846393

Miami-Dade
Broward
•

25.745817
26.11784

Broward

•

•

-80.176494
•

-80.176988
-80.13827
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Figure 2: Map of sample locations across South Florida, Miami-Dade County. Map created in
Google maps. Locations correspond to the locations listed in Table 1 for Miami-Dade County.
Location A is Indian Creek_27th St. Location B is Gibbs Memorial Park. Location C is 14th Condo.
Location D (located above A on map) is the Pedestrian Footbridge. Location F is the 17th St
Permanent Pump. Location G is the boat transects. Location H is Shore Crest canal and Little River
Pocket Park. Location I is Hobie Beach.

14

Figure 3: Map of sample locations within Broward County. Map created in Google maps. Locations correspond to the
locations listed in Table 1. Location J is the Carrie B Cruise Dock. Location E is Las Olas Blvd and Coral Way. This
map was created using Google Maps.
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HYPOTHESES
1. Construction and disturbances in the natural hydrology of Southeast Florida will
show a decrease in water quality, specifically near the outlets and inlets over the
last three years.
2. The seawater distributed into Biscayne Bay from the new pumping systems will

have a (a) significantly higher live enterococci count, (b) a greater abundance of
pathogens/bacterial communities than the seawater before the flooding event and
(c) a possible shift of microbial community structures during pumping or directly
after pumping in the receiving waters (Biscayne Bay). This will be measured
directly after the flooding event that occurs in late September/early October,
otherwise known as “King Tide”, when the flooding has the most impact and the
pumps are in full use.
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METHODS
WATER SAMPLE COLLECTION
Tidal floodwaters were collected on four different dates on which extreme tide
events occurred: September 9, 2014, September 29, 2015, October 27, 2015, and October
28, 2015. The samples were collected by Dr. Henry Briceño (FIU), Dr. Chris
Sinigalliano (AOML), Dr. Maribeth Gidley (UM-CIMAS), and their colleagues, through
FIU-SERC (Florida International University – Southeast Environmental Research
Center), NOAA-AOML (National Oceanic and Atmospheric Administration – Atlantic
Oceanographic & Meteorological Laboratory), and University of Miami – Cooperative
Institute for Marine and Atmospheric Studies). Samples were collected from a total of 10
selected sites including coastal receiving waters of western Biscayne Bay, tidal
floodwater discharges pumped into storm drain outfalls along the shore of Miami Beach
at Biscayne Bay, standing tidal floodwaters in streets/yards, standing tidal floodwaters on
beaches, and tidal floodwater discharges from pumps into canal outfalls (which canals
eventually emptied into Biscayne Bay), (Table 1). Samples were collected on these dates
from before, during, and after peak tides. Table 2 shows a summary of all samples. The
samples were taken by bucket toss from the specific locations listed, stored in sterile 2L
polypropylene bottles on ice until return to the lab, immediately filtered and frozen.
Controls included field blanks, samples from receiving waters from before and after
pumping, sample processing controls, molecular inhibition controls, extraction controls,
and quantitation controls. Live enterococci fecal indicator bacteria measurements were
conducted as per EPA method 1600. Molecular Microbial Source Tracking (MST)
assays were conducted as per “The California Microbial Source Identification Manual: A
Tiered Approach to Identifying Fecal Pollution Sources to Beaches” (SCCWRP technical
report #804, December 2013).
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Table 3: All samples with ID description, unique AOML sample filter ID #, Fecal bacteria exceedance, and water
sample type. Created using original table location in Appendix as well as new Location and Type ID #’s.

Site ID Name

Sample ID
Description

KTD_T1-EF

Boat Transect
T1
Boat Transect
T2
Boat Transect
T3
Boat Transect
T4
Boat Transect
T5
Boat Transect
T3
Boat Transect
T3
Boat Transect
T3
Boat Transect
T3
Boat Transect
T3
Gibbs memorial
Park-Outfall
9:30 am
Gibbs memorial
Park-Outfall
11:30 am
Gibbs memorial
Park-Outfall
11:00 am
14 St Condooutfall 8:30 am
14 St Condooutfall 9:30 am
14 St Condooutfall 10:30 am
14 St Condooutfall 11:30 am

KTD-T2-EF
KTD_T3-EF
KTD_T4_EF
KTD_T5-EF
KTD_T1-EL
KTD_T2-EL
KTD_T3-EL part1
KTD_T4_EL
KTD_T5-EL
KTD_14-2

KTD_14-4
KTD_2°-Gibbs
KTD_10-1
KTD_10-2
KTD_10-3
KTD_10-4

Unique AMOL
sample filter
ID#
001-KTD1

Fecal bacteria
exceedance
category:
none

Water sample
type category

002-KTD1

none

Coast

003-KTD1

none

Coast

004-KTD1

none

Coast

005-KTD1

none

Coast

006-KTD1

Hum/Ent

Coast

007-KTD1

none

Coast

008-KTD1-part1

ALL

Coast

009-KTD1

ALL

Coast

010-KTD1

none

Coast

012-KTD1

none

Coast

014-KTD1

none

Coast

016-KTD1

none

Coast

th

017-KTD1

Ent

Pump/Drain

th

018-KTD1

Hum/Ent

Pump/Drain

th

019-KTD1

ALL

Pump/Drain

th

020-KTD1

ALL

Pump/Drain

Coast
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KTD_10-5

14 St Condooutfall 12:30 am
KTD_Hobie-1 Hobie Beach am
KTD_Hobie-2 Hobie Beach pm
MBF04_27-01
Indian creek &
27 St
Floodwaters
6:00 am
MBF04_27-02
Indian creek &
27 St
Floodwaters
9:14 am
MBF04_27-03
Indian creek &
27 St
Floodwaters
13:00 pm
MBF04_GP-1
Gibbs Memorial
Park- Outfall
6:00 am
MBF04_GP-2-P
Temporary
pump near Gibbs
park 9:55 am
MBF04_GP-3
Gibbs Memorial
Park- Outfall
13:00 pm
MBF04_GP-3-P
Temporary
pump near Gibbs
park 11:30 am
MBF04_14-1
14 St Condooutfall 6:30 am
MBF04_14-2
14 St Condooutfall 9:40 am
MBF04_14-3
14 St Condooutfall 13:00 pm
MBF04_14-4
14 St Condooutfall 13:15 pm
27-1 (pump)
Temporary
pump at Indian
Creek & 27 St.
7:15 am
27-2 (pump)
Temporary
pump at Indian
Creek & 27 St
10:20 am

021-KTD1

ALL

Pump/Drain

043-KTD1
044-KTD1
045-KTD2

none
none
Ent

Beach
Beach
Flooding

046-KTD2

ALL

Flooding

048-KTD2

ALL

Flooding

049-KTD2

none

Coast

051-KTD2

Ent

Pump/Canal

052-KTD2

none

Coast

053-KTD2

Hum/Ent

Pump/Canal

th

054-KTD2

Ent

Pump/Drain

th

055-KTD2

Ent

Pump/Drain

th

056-KTD2

Hum/Ent

Pump/Drain

th

057-KTD2

ALL

Pump/Drain

058-KTD2

Hum/Ent

Pump/Canal

059-KTD2

ALL

Pump/Canal

th

th

th

th

th

th
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GP-1 (pump)
14-1
IC-28_Bridge

Temporary
pump near Gibbs
park 9:20 am
14 St Condooutfall 8:15 am
Pedestrian
Footbridge at
Indian Cr. & 28
St. 10:28 am
Indian Creek
&27 St.
Floodwaters
10:10 am
Indian Creek
&27 St.
Floodwaters
12:55 pm
Permanent pump
at 17 St. 10:00
am
Gibbs Memorial
Park- Drain
Outfall 10:30 am
Permanent pump
at 17 St. 10:30
am
Gibbs Memorial
Park- Drain
Outfall 12:30 pm
Permanent pump
at 17 St. 12:30
am
14 St. Condo
Outfall 9:40 am
14 St. Condo
Outfall 12:11 pm
Indian Creek &
27 St
Floodwaters
12:55 pm
Indian Creek &
27 St
Floodwaters
13:05 pm

060-KTD2

Ent

Pump/Canal

061-KTD2

Ent

Pump/Drain

062-KTD2

Ent

Flooding

063-KTD2

Hum/Ent

Flooding

064-KTD2

ALL

Flooding

065-KTD2

ALL

Pump/Canal

066-KTD2

none

Coast

067-KTD2

ALL

Pump/Canal

068-KTD2

none

Coast

069-KTD2

ALL

Pump/Canal

th

070-KTD2

Ent

Pump/Drain

th

071-KTD2

Dog/Ent

Pump/Drain

072-KTD2

ALL

Flooding

073-KTD2

ALL

Flooding

th

th

IC-27-2

th

IC-27-3

th

GP-3p perm
pump (17th St
Pump)
GP-4
GP-4p perm
pump (17th St
Pump)
GP-5
GP-5p perm
pump (17th St
pump)
14-2
14-3
27-3-replicate

th

th

th

th

27-4 extra

th
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GPT-01-pump
GPT-03-pump
GPT-04-pump

GPT-05-pump
Gib-01
Gib-02

Gib-03
Gib-05
17-01-pump

Temporary
pump near Gibbs
Park 8:05 am
Temporary
pump near Gibbs
Park 12:23 am
Temporary
pump near Gibbs
Park 14:17 pm
Temporary
pump near Gibbs
Park 15:21 pm
Gibbs Memorial
park- Outfall
7:20 am
Gibbs Memorial
park- Outfall
9:18 am
Gibbs Memorial
park- Outfall
11:20 am
Gibbs Memorial
park- Outfall
25:21 pm
Permanent pump
at 17 St. 7:50
am
Permanent pump
at 17 St. 10:30
am
Permanent pump
at 17 St. 10:30
am
Permanent pump
at 17 St. 10:30
am
Permanent pump
at 17 St. 10:30
am
14 St Condo
Outfall 7:29 am
14 St Condo
Outfall 11:25 am
14 St Condo
Outfall 13:23 am

074-KTD3

Ent

Pump/Canal

076-KTD3

ALL

Pump/Canal

077-KTD3

ALL

Pump/Canal

078-KTD3

Hum/Ent

Pump/Canal

079-KTD3

none

Coast

080-KTD3

none

Coast

081-KTD3

none

Coast

083-KTD3

none

Coast

084-KTD3

Hum/Ent

Pump/Canal

085-KTD3

Ent

Pump/Canal

086-KTD3

Ent

Pump/Canal

087-KTD3

Hum/Ent

Pump/Canal

088-KTD3

ALL

Pump/Canal

th

089-KTD3

ALL

Pump/Drain

th

091-KTD3

ALL

Pump/Drain

th

092-KTD3

ALL

Pump/Drain

th

17-02-pump

th

17-03-pump

th

17-04-pump

th

17-05-pump

th

14-01
14-03
14-04
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14-05
27-01

14 St Condo
Outfall 15:20 pm
Indian Creek &
27 St
Floodwaters
7:20 am
Indian Creek &
27 St
Floodwaters
9:20 am
Indian Creek &
27 St
Floodwaters
11:20 am
Indian Creek &
27 St
Floodwaters
13:20 pm
Indian Creek &
27 St
Floodwaters
15:20 pm
Pedestrian
Footbridge at
Indian Creek &
28 7:45 am
Pedestrian
Footbridge at
Indian Creek &
28 9:37 am
Pedestrian
Footbridge at
Indian Creek &
28 11:35 am
Pedestrian
Footbridge at
Indian Creek &
28 13:40 pm
Pedestrian
Footbridge at
Indian Creek &
28 15:42 pm
Shore Crest
Canal - Little
River Pocket
Park - 8:40am
th

093-KTD3

Hum/Ent

Pump/Drain

094-KTD3

Hum/Ent

Pump/Canal

095-KTD3

Hum/Ent

Pump/Canal

096-KTD3

ALL

Pump/Canal

097-KTD3

Dog/Ent

Pump/Canal

098-KTD3

none

Pump/Canal

099-KTD3

Dog/Ent

Flooding

100-KTD3

ALL

Flooding

101-KTD3

Ent

Flooding

102-KTD3

Ent

Flooding

103-KTD3

none

Flooding

104-KTD3

Hum/Ent

Flooding

th

27-02

th

27-03

th

27-04

th

27-05

th

ICC-28-bridge01

th

ICC-28-bridge02

th

ICC-28-bridge03

th

ICC-28-bridge04

th

ICC-28-bridge05

th

SCC-01
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SCC-02

SCC-03

SCS-01

SCS-02

SCS-03

LO-CW-01
LO-CW-02
LO-CW-03
LO-CW-S1
LO-CW-S3
LO-C-01

LO-C-02

LO-C-03

Shore Crest
Canal - Little
River Pocket
Park - 11:31am
Shore Crest
Canal - Little
River Pocket
Park - 14:00pm
Shore Crest
Street storm
drain - Little
River Pocket
Park - 8:25am
Shore Crest
Street storm
drain - Little
River Pocket
Park - 11:27am
Shore Crest
Street storm
drain - Little
River Pocket
Park - 13:45pm
Los Olas Blvd &
Coral Way Canal Los Olas Blvd &
Coral Way Canal Los Olas Blvd &
Coral Way Canal Los Olas Blvd &
Coral Way street floodwater
Los Olas Blvd &
Coral Way street floodwater
Los Olas New
River at the
Carrie B cruise
dock
Los Olas New
River at the
Carrie B cruise
dock
Los Olas New
River at the

105-KTD3

ALL

Flooding

106-KTD3

ALL

Flooding

107-KTD3

ALL

Flooding

108-KTD3

ALL

Flooding

109-KTD3

ALL

Flooding

110-KTD3

Ent

Canal only

111-KTD3

Ent

Canal only

112-KTD3

Ent

Canal only

123-KTD3

Ent

Flooding

113-KTD3

Ent

Flooding

114-KTD3

Ent

Canal only

115-KTD3

none

Canal only

116-KTD3

ALL

Canal only
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LO-C-S-01

LO-C-S-03

Gib-5
14 St Outfall
IC & 27 pump

Carrie B cruise
dock
Los Olas street
flooding at New
River Drive
across from
Carrie B
Los Olas street
flooding at New
River Drive
across from
Carrie B
Gibbs Memorial
Park - storm
drain outfall
14th St Condo storm drain
outfall temporary pump
at Indian Creek
& 27th St. -

117-KTD3

Ent

Flooding

118-KTD3

Ent

Flooding

119-KTD3

Ent

Coast

121-KTD3

Hum/Ent

Pump/Drain

122-KTD3

Hum/Ent

Pump/Canal
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DNA EXTRACTION
DNA was extracted with the FastDNA Spin kit (in the AOML at NOAA
laboratory) To begin, add up to 500 mg of the DNA sample and 978 μl of Sodium
Phosphate Buffer to a Lysing Matrix E tube. After, add 122 μl MT Buffer and
homogenize for 40 seconds at a speed of 6.0. To ensure that the pellet debris, centrifuge
the sample at 14,000xg for 5-10 minutes and then transfer the supernatant to a clean 2.0
ml microcentrifuge tube. Then add 250 μl of PPS (Protein Precipitation Solution) and
mix 10 times but shaking the tube by hand. After mixing, centrifuge at 14,000xg for 5
minutes until the pellet precipitates. Transfer the supernatant to a clean 15 ml tube, add
1.0 ml of supernatant to resuspend the binding matrix and place the tube on a rotator for 2
minutes to allow the DNA to bind. Allow the silica matrix in the tube to settle by placing
it on a rack for about 3 minutes. Immediately after remove and discard 500 μl of
supernatant. Resuspend the leftover binding matrix and supernatant and transfer 600 μl of
the mixture to a spin filter. Centrifuge at 14,000xg for 1 minute. Empty the tube and then
add the leftover mixture to the spin filter. Centrifuge again and empty the catch tube
again. Add 500 μl of prepared SEWS-M and mix with the pipet tip to gently resuspend
the pellet. Centrifuge again at 14,000xg for 1 minute, empty the catch tube, replace the
catch tube, and immediately centrifuge a second time at 14,000xg for 2 minutes. This will
dry the matrix of any residual wash solution that may still be present. Replace the catch
tube and air dry the spin filter for about 5 minutes at room temperature. Add 50-100 μl of
DES to the binding matrix to resuspend it and then centrifuge at 14,000xg for 1 minute to
bring eluted DNA into the clean catch tube. Discard the spin filter. The DNA is now
prepared for PCR runs but until then, store at -20°Celcius freezer.
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POLYMERASE CHAIN REACTION (PCR) AND ILLUMINA MISEQ
SEQUENCING:
After successful extraction of genomic DNA from both studies, a polymerase
chain reaction will be run to ensure that amplifiable DNA is present. Universal bacterial
primers, Eco9 (forward) and Loop27rc (reverse) will be used. The master mix for the
PCR will contain the two primers, PCR buffer, 2mM dNTP, GoTaq (enzyme), and
distilled water. All samples were prepared by following the Illumnia 16S Metagenomic
Sequencing Library Preparation guide (2013).
Illumina sequencing techniques work by ligating isolated DNA fragment on both
ends to adapters present on a glass plate and the single stranded fragments are
immobilized at one end to the surface of the plate. When the single stranded fragments
become immobilized, it can create a bridge where it attaches to complimentary adapters
(Figure 10, (Ansorge 2009)).These complimentary adapters act as primer for the PCR
reaction. After the PCR cycles and the reactions occur, hundreds of copies of DNA
polonies are present on the surface of the place. The primers, DNA polymerase, and the 4
fluorescently labeled reversible end nucleotides are then washed over the plate to
determine if they will be incorporated into the DNA strand (Ansorge 2009). If they are
incorporated, the end nucleotide and where is exactly is can be detected from a
fluorescent signal that is emitted. The terminator group at the 3’-end of the base is then
removed and the process is repeated (Figure 10, (Ansorge 2009) ).
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Figure 4: Flow chart for Illumina sequencing technology (Ansorge 2009)
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MICROBIOME ANALYSIS:
Sequence analysis will be performed using the software package Quantitative
Insights into Microbial Ecology, QIIME (Caporaso, et al. 2010) and the free software
package, R, used for statistical computing and graphics. QIIME is an open-source
software that will be used for analysis of microbial communities. It will be used to
analyze the sequence data outputs from the Illumina data. The website for the QIIME
software can be accessed at http;//qiime.sourceforge.net/. The software will be used to do
network analysis, it will produce histograms that can be used to compare betweensample data while also identifying if there is a main set of organisms that represent
specific habitats (Caporaso, et al. 2010). The paired ends that were removed from the
Miseq were joined with the command join_paired_ends.py. The command
spilt_libraries_fastq.py was then used to demultiplex and quality filter the new sequences.
The sample names were extracted and sorted with extract_seqs_by_sample_id.py and
then the samples were combined into a single file. After removing the primer sequences,
chimeric sequences identified by de novo (abundance based) and reference-based
chimera detection using UCHIME will be filtered out (Edgar, 2011). These sequences are
then clustered into 97% similar Operational taxonomic units (OTUs) using a combination
of open and closed reference OTU clustering strategies such as USEARCH. Rare OTUs
represented by less than four sequences will be filtered out. The OTUs were picked and
classified based on a reference database named SILVA at a confidence interval of 97%.
Data processing will be performed using MacQIIME 1.9.1(“MacQIIME - Werner Lab,”
2016) and analysis with the RStudio software (version 3.2.1), with the added library
‘picante’ to examine general ecology of the Microbiome (Kembel SW 2010). 16s rRNA
sequence data will be manipulated to show the relative abundance of microbes using
decostand (from the ‘picante’ library). MacQIIME (Quantitative Insights into Microbial
Ecology) will transform raw sequence data into an interpretable form, which can be
analyzed and visualized. A major advantage of QIIME is that it can scale to process
millions of sequences, which is important in this particular study because of the
comparison of many different sample sites. The variation associated with geographical
location, seasonality, and species will be analyzed using these tools. Comparison of OTU
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content in the context of bacterial diversity and composition between species can be
analyzed using the Vegan package within R (Caporaso, et al. 2010). This package allows
the user to import, analyze and graphically display very complex phylogenetic data that
has been previously clustered into OTUs.
Richness and alpha diversity will be examined using Krona plots and ANOVA
within the R program. This test can calculate the mean of the diversity found among
samples. A post hoc Tukey test will be performed within the R program as well to
determine significant differences between the relationships of the samples. Bray-Curtis
distance will be calculated to understand beta diversity by determining the dissimilarity
between groups while considering the variation found in composition (Azam, 1983). Data
will be represented as distance matrices and submitted to an Adonis test to further
characterize the beta diversity (Caporaso, et al. 2010).
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CHAPTER 2:
RESULTS
COMMUNITY COMPOSITION
We used a non-metric multidimensional scaling (NMDS) plot to characterize the
community composition and beta diversity across the OTUSs within each sample site
(Figure 5). We also used the same method to characterize the community composition by
what sample type they were (Figure 6). These sample types included: Coast, Pump/Canal,
Pump/Drain, Flooding, Canal Only, and Beach. These different types are where the
samples were taken from at the specific location, for example, the Flooding category was
samples taken directly during a flooding occurrence.
The NMDS plot in Figure 5 shows clustering based on community composition of the top
20 OTUs from the dataset. The closer grouped a set of points are the less variation in
community structure is seen over time. The axis are essentially arbitrary but display the
data in a way which best represents their dissimilarity. Points on the graph that are closer
together are more similar (less dissimilar). It is observed that the Boat transect location in
Miami-Dade county has the least variation in community composition over time (in this
case, over the three years). This is evident by its close grouping of data points on the
graph. This could be due to a number of different factors such as the controlled nature of
this site or the constant influences by the surrounding urban area. The site with the largest
variation in community composition is the 14th street condo sampling location in MiamiDade county. This may be due to different reasons such as the human influence in the
area or a high level of domestic animals inhabiting the area. Many of the Miami Beach
sites had very substantial MST FIB markers including enterococci, human, and dog are at
very elevated levels.
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Figure 5: Dispersion of microbiomes across geography. NMDS plot created in R studio. Each site is represented by
its designated letter in the key on the top right. Each site is also represented by a color to ease the identification
visually. The closer grouped a set of points are the less variation in community structure is seen over time.
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The NMDS plot in Figure 6 shows most sample types clustering together based
on community composition. We can see from the close clustering of points, that the
‘Canal only’ type has the least variation in community composition over time. This could
be due to numerous reasons such as lack of sample taken during an actual flooding or the
human influence. The site with the largest variation in community composition is the type
‘Coast’. This variation could represent the human impact on the samples taken from
normal water, agricultural runoff, or the change in water flow or depth from the natural
tides of the ocean.

Figure 6: Dispersion of microbiomes by type of site. NMDS plot created in R studio. Each type is represented by its
designated letter in the key on the top right. Each type is also represented by a color to ease the identification visually.
The closer grouped a set of points are the less variation in community structure is seen over time.
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The NMDS plot in Figure 7 shows the location Gibbs Memorial Park with a comparison
of the three different time periods the samples were taken. At some sites there were five
samples taken; two before the flooding, one during the flooding, and two after the
flooding. A NMDS plot was done at the Gibbs Park location because it had a significant
number of samples taken at all three time periods. It can be seen that the three time
periods are different from each other, however, the ‘before’ and ‘during’ samples are
more similar than the ‘after’ samples. This would make sense since the microbial
community structure was expected to only change after the flooding occurred.

Figure 7: NMDS plot created in R studio. Each description type is represented by its designated letter in the key on the
top right. Each type is also represented by a color to ease the identification visually. The closer grouped a set of points
are the less variation in community structure is seen over time.
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MICROBIAL DIVERSITY
The diversity represented within a site that is expressed in terms of species
richness is referred to as alpha diversity. A Tukey comparison of means is used to
determine significant differences in alpha diversity, followed by a box plot to display
visually represented in Figure 8. The Tukey test can be found in the Appendix. The
Tukey test in terms of Locations showed that no location is significantly different from
another.

Figure 8: Alpha microbial diversity of the ten sampling locations. This box plot was created using the inverse-Simpson
diversity index in R studio using the package Vegan. The diversity represented within a site that is expressed in terms
of species richness is referred to as alpha diversity. A Tukey comparison of means is used to measure alpha diversity,
followed by a box plot to display visually represented.
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Alpha diversity through a Tukey test for the types of samples was also performed. It is
demonstrated visually below through a boxplot (Figure 9). The results of the Tukey test
showed that no type is significantly different from one another. The Tukey results can be
found in the appendix.

Figure 9: Alpha Microbial diversity of the six sampling types This box plot was created using the inverse-Simpson
diversity index in R studio. The results of the Tukey test showed that no type is significantly different from one
another.

Figure 10: Boxplot of Non-pump versus Pump classified samples. Graph created using R studio. The results of the
Tukey test showed that there was a significant difference between the non-pump samples and the pump samples.
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Additionally, alpha diversity was measured for all samples that were classified as taken
near or from a ‘Pump’ versus all the other samples, or ‘Non-Pump’ samples (Figure 10).
After performing a Tukey test, it was concluded that Pump and Non-pump were
significantly different from each other (p-value= 0.018125). Alpha diversity was then
measured for all samples taken in Broward county versus all the samples taken in MiamiDade County. Broward County only consisted of 10 samples while Miami had 83
samples. Figure 11 represents this relationship and after performing a Tukey test, is it
concluded that the counties are significantly different from each other (p-value=
0.041789).

Figure 11: Broward county versus Miami-Dade county boxplot. Created using R studio.
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Fecal indicators were taken and measured at each site as well. These
measurements were divided into six categories: None – no markers above exceedance
thresholds, Ent- Enterococci only, Dog/Ent- Dog and Enterococci only, Hum/EntHuman and Enterococci only, and All- all markers in exceedance. Figure 12 represents
this relationship and after performing a Tukey test, the relationships were found to not be
significantly different from one another. The tests results can be found in the appendix.

Figure 12: Alpha diversity measured through a boxplot for the Fecal Categories defined. Created using R studio.
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When the samples were analyzed by year, there were only two locations that
appeared in the data sampling all three years, the 14 street condo location and the Gibbs
th

park location. Figure 13 represents this relationship across all three years. The number of
species has increased each year, concluding that either more samples were taken every
year or that possibly the community composition is increasing with the years.

Figure 13: Identified OTUs from all samples from the locations Gibbs park and 14th Street Condo taken from the year
2014 through 2016. The graph was created using R studio.
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Beta diversity was then tested using the Bray-Curtis dissimilarity index. Figure 14
represents the dendrogram of the top 20 OTUs from across all locations and Figure 15
represents the dendrogram from all locations. In Figure 14, the clusters branch off at
much different markers, however, the markers are both about 0.7 for Figure 14 and
Figure 15. There is a much earlier branch off in Figure 14, causing the figure to look
slightly different from the others. Figure 16 represents the dendrogram from the Indian
Creek location and Figure 17 represents the dendrogram from the Gibbs Memorial Park
location. The cluster dendrogram represents the distance or dissimilarity between clusters
or samples of clusters by how far back each sample branches off the in the tree. At the
Indian Creek location, the samples within the location do not group together like
expected and these groups of samples are all about 70% dissimilar from each other or
branch off at the 0.7 marker. At the Gibbs Memorial park Location, Figure 17, there is
less grouping but also less dissimilarity between the samples. This would seem to make
sense considering all the samples taken from Gibbs Memorial park are from a portable
pump or storm drain outfall that probably is affected by human sewage.
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Figure 14: Beta microbial Diversity using a Bray-Curtis Dissimilarity index of the top 20 OTUs from across all
samples. This figure shows the grouping of each sample and how dissimilar each sample is to one another overall.
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Figure 15: Beta microbial Diversity using a Bray-Curtis Dissimilarity index. This figure shows the grouping of each
sample and how dissimilar each sample is to one another overall.
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Figure 16: Beta microbial Diversity using a Bray-Curtis Dissimilarity Index. This figure shows the grouping of each
sample and how dissimilar each sample is to one another at the Indian Creek Location.

Figure 17: Beta microbial Diversity using a Bray-Curtis Dissimilarity Index. This figure shows the grouping of each
sample and how dissimilar each sample is to one another at the Gibbs Memorial Park Location.
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ENVIRONMENTAL EFFECTS:
To determine whether or not environmental variables had an effect on the study
and could be considered a driver of change, a canonical correspondence analysis was run
in R Studio on the Vegan package (Figure 18). On the plot, the CCA1 axis represents the
variable locations and CCA2 represents the Date. This test allows the researcher to
measure the spread of samples relative to the variables in order to interpret the specific
effects of the two or more variables. The results of this test indicate that the location from
which the sample was collected is the most influential variable at about ~12% of the
variance, followed by the date the sample was collected at about ~4% of the variance, and
then total organic carbon was the third most influential variable at about ~2% of the
variance.
CCA plots show all of the locations within the study cluster and are not
significantly different from one another (CCA p-value=0.123). The leading driver for the
Pump/Drain sites is TOC.ppm, or total organic carbon (Figure 18), with total nitrogen
and total phosphate being significant drivers as well.
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Figure 18: CCA analysis done with VEGAN in R Studio. P=0.123 R2=0.353. Grouped on site Type, six distinct
groupings are shown. Total Organic Carbon is shown to be the largest driver with Total Nitrogen and Total
Phosphorus being second and third drivers.
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ABUNDANCE:
The rank abundance was analyzed for each OTU in the data set using the program
R studio. Rank abundance can be used to represent both species evenness and richness.
Due to the complexity of the data set, the taxonomic profiles of OTU were aggregated by
location, then ranked by abundance of the top 20 OTU’s from highest to lowest into a
Krona chart. Taxonomic profiles can be found in figures 19-24. Next the average
abundance of the top 20 OTU’s from all the samples together was taken and visualized in
a hierarchical Krona pie chart. These krona charts are displayed at the Family or Order
level due to the OTU’s not being able to be identified at the genus level consistently
enough. The most abundant OTU found within the sample set across all locations was
New.ReferenceOTU407, making up .78% of the sample set. This particular OTU belongs
to Arcobacter in the Campylobacterales family. Campylobacter is the most common
cause of bacterial enteritis in the U.S. and the infections are usually caused by C. jejuni or
C. coli, however, refinements in isolation and identification methods have found
Arcobacter to be enteric human pathogens(Olivier Vandenberg 2004). In Figure 19, nonpathogenic proteobacteria dominates this Krona chart, with Rhodocyclaceae making up
about 12% of the sample set across all ten sites. The order Rhodocyclaceae, associated
with the Betaproteobacteria, currently consists a single family, with 18 genera that
display many different modes of living: Anoxygenic photoheterotrophs; plant-associated
nitrogen-fixing aerobes, species that degrade a range of carbon sources; and sulfuroxidizing chemoautotrophs (Oren 2014).
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Figure 19: Krona Chart of top 20 OTUs across all sites at the order level. Chart created using an excel template.

OTUs for the pathogen Campylobacter were found in five of the locations; the Shore
Crest storm drain, the 17th Street permanent pump, the temporary pump at Indian Creek,
the intersection of Las Olas and Coral Way, and the T4 Boat Transect. This resulted in an
overall rank abundance of 0.79%. Other OTUs for pathogens like Pseudomonadaceae,
Vibrio, Aeromonadaceae, Moraxellaceae, Enterobacteriaceae, Alteromonadales,
Rickettsiales, Burkholderiales, and Legionellales can be found during this study.
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Figure 20: Kronas Plot of a boat transect (T4) water sample; top 10 OTUs are represented.

46

Figure 21: Kronas Plot of the Canal water at Las Olas Blvd and Coral way intersection; Top 10 OTUs are represented
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Figure 22: Kronas Plot of a temporary pump near Indian Creek and 27th Street; top 10 OTUs are represented
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Figure 23: Kronas Plot of a permanent pump at 17th street discharging to the Dade Canal; top 10 OTUs represented.
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Figure 24: Kronas Plot of the Shore Crest Street Storm Drain at Little River Pocket Park; top 10 OTUs are
represented.
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DISCUSSION
Flooding due to sea level rise (SLR) is a problem that affects about 10% of the
Earth’s population who live in low coastal areas (Wdowinski 2016). In the US alone, 3.7
million people are living on land within 1 m of high tide and are in high risk of coastal
flooding (Claudia Tebaldi 2012). The US Atlantic coast is one, if not the most, vulnerable
areas to SLR due to the elevation and large population concentrations and the past twenty
years have been evidence to the increasing rates of SLR, in which have caused an
accumulation of flooding along this coast (Shimon Wdowinski 2016). Recently, the city
of Miami has been identified as the economically most vulnerable city to SLR in the
world according to the US National Climate Assessment (Melillo 2014). Previous studies
have assessed the flooding hazards of SLR (rain, tide, and storm surge) and reasons for
the SLR, but few have looked into the potential microbial hazards of such SLR-related
coastal flooding. In the case of the City of Miami Beach, an extensive system of pumps
have been installed by the city over the last several years; these were designed to alleviate
the flooding; however, this flooding mitigation effort did not account for the large
amounts of waste and potential pathogens that may be mobilized by the floodwaters and
consequently pumped back into the bay and waterways. Our study examines the
microbial diversity and community structure of such coastal tidal floodwaters in more
depth with high throughput sequencing.
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POTENTIALLY PATHOGENIC BACTERIA
The Bad Bug Book on the FDA website served as a directory for the pathogens
of interest within our sample set (FDA 2012). This book characterizes current
microorganisms that are pathogens taxa and that can cause common foodborne diseases.
Table 3 shows the pathogens that are all considered to be rare taxa within the sample set,
however, their presence does not mean they are in every sample location or that they are
present year-round. These could not be unequivocally identified at the species level, but
they should still be noted as in the environment and made aware for public health.
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Table 3: Pathogen of Interest within the present sample set. Genera of bacteria, average rank abundance, total number
of reads, and number of OTUs are listed below. Rank abundance was calculated in R studio and was out of 75,335
OTUs.

Genera of Bacteria

Total Number of
Reads
108480
71678
263941
23708
933
1561
675
1145
9210
873
149
246
118
214

Total OTUs

Campylobacter
Bacillus
Vibrio
Enterobacter
Francisella
Clostridium
Escherichia-Shigella
Proteus
Coxiella
Klebsiella
Streptococcus
Staphylococcus
Brucella
Enterococcus

Average Rank
Abundance
0.008232535481%
.007797807097%
.007651504195%
.006792167249%
.006533704276%
.005741011872%
.005623306754%
.005392246549%
.004531222571%
.00407512027%
.003028377121%
.002958982103%
.002441666667%
.002212638889%

MycoBacterium
Aerobacter
Citrobacter
Serratia
Pleisomonas
Cronobacter
Salmonella
Yersinia
Listeria

.001935714286%
.001423825888%
.001233333333%
.0006%
.0003%
.0002%
0%
0%
0%

75
155
39
16
9
4
0
0
0

3
7
9
0
2
2
0
0
0

15
23
10
12
13
37
6
4
41
5
6
3
2
2
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The most abundant OTU was New.ReferenceOTU407 or Arcobacter in the
Campylobacter family with an overall abundance of 0.008232535481%. The Kronas plot
listed in Figures 19- 23 are all the locations that included this potential pathogen. C.
jejuni, C. coli, and Arcobacter are the specific species of interest. C. jejuni is the third
leading bacterial cause of foodborne illness in the US (CDC, 2017). This bacterium can
make its way into the agricultural world through raw dairy products and contaminated
water while typically living in the gut of livestock. The mechanisms by which the
pathogenesis occurs is not well understood and usually vary based on the virulence genes
that are present in a certain strain (FDA, 2012). Acrobacter differs from Campylobacter
spp. by their ability to grow in air and at lower temperatures (Olivier Vandenberg, 2004).
By showing that genetic signatures for this bacterium, especially Arcobacter, was present
in more than half of the samples stresses the importance of better understanding of the
microbial population within South Florida waters and how to prevent or reduce future
outbreaks by making sure the water is treated correctly before use, and to better identify
potential exposure sources in water.
The second most abundant organism in the sample set was Bacillus, or OTU
New.CleanUp.ReferenceOTU121132, with an overall abundance of .007797807097%.
Bacillus might by the cause of many more foodborne illness than is known and one main
reason that there is not more reported cases is because people do not seek medical
attention (FDA, 2012). Two type of sickness occurs from this Bacillus: (1) after eating
contaminated food, the bacteria makes a toxic substance in the small intestine, and (2)
occurs if the Bacillus makes a different kind of toxin in contaminated food and often
affects starchy foods (FDA 2012). The sickness will usually only last a day or so and
includes diarrhea, cramps, and sometimes nausea. B. cereus is widespread in the
environment and is usually isolated from soil however, it can tolerate 7.5% salt
concentration (FDA, 2012).
The remaining pathogens except for Serratia, Pleisomonas, and Cronobacter
were all with an abundance over .001%, with Salmonella, Yersinia, and Listeria not being
identified at all within the data set. Almost all of the pathogens identified have been
shown to live in environmental standing water when the conditions are ideal. In south
Florida, where the water temperature stay consistent, the conditions are considered to be
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ideal year-round. These pathogens were identified before in a similar study of the Florida
Inlet waters. O’Connell concluded that even though the pathogens do appear in the
sample taken in her study, it was impossible to conclude that the organisms were virulent
without culturing or in-depth metagenomic sequencing (O’Connell, 2018). A major
downfall that exists in 16S amplicon sequencing is the lack of taxonomic identity down
to the species level. In addition, the detection of genetic sequence from potential
pathogens also does not prove that such pathogens are live and infectious, however it
does help indicate that there may be a potential pathogen exposure. When used in
combination with detection of other potential pathogenic sequences, this approach can
help enhance microbial exposure risk assessments for such waters.

55

MICROBIAL DIVERSITY
Alpha diversity, diversity expressed in terms of species richness, was measured
with a Tukey comparison of means then visually displayed using a boxplot for the
different Locations within the sample set (Figure 8). After running the Tukey test, it was
determined that no specific location is significantly different from any of the other
locations. This means that the samples present were ‘different’ enough to be able to
identify the location as a whole as different. The same result occurred when a Tukey
comparison of means was taken for the different Types within the sample set (Figure 9).
None of the p-values were less than 0.05, therefore, none of the types were significantly
different from another type.
The “pump” versus “non-pump” boxplot demonstrated how the two categories are
significantly different from each other, p-value= 0.018125 (Figure 10). It would be
expected that they would be significantly different from each other if there was a
significant difference in the number of pathogens from when the pump was turned on to
when the pump was turned off. This significance can mean that there may be real
difference in the number of pathogens or potential pathogens that the pump causes. The
Broward vs Miami county (Figure 11) boxplot demonstrated how the two categories are
significantly different from one another, p-value= 0.041789. This would make sense
considering the sampling sizes of the two categories, Broward only had 10 samples while
Miami had the remaining 83 samples. Miami would also prove to be very different from
Broward considering there is a lot more flooding occurring in that county on average.
When the samples are organized by year, the results are different. In the first year
the samples were taken, 2014, there were only 21 samples actually collected by NOAA.
There was no funding for the project yet and the samples were taken opportunistically
when the researchers were available. Only around 5,000 species, taken from Figure 12,
were identified in this year and the samples were only taken from 4 locations. In 2015,
from Figure 13, 27 samples were collected by NOAA. These were taken over a few more
location, 5 locations and the number of species identified was a little over 6,000 in one
location. The other locations only had about 2,000 species. Then, in the year 2016, the
final year of this study, represented in Figure 14, 48 different samples were taken from 8
locations. This year yielded the most diversity and highest number of species, about
10,000 species. This would make sense due to the increased number of samples taken the
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last year, however, there was no data taken before the pumps were installed. My first
hypothesis claimed that the construction and disturbances in the natural hydrology of
Southeast Florida will show a decrease in water quality over the last three years. Without
data taken before the pumps were installed, there is no way of knowing if the
construction actually caused the decrease in water quality. The decrease could be a result
of higher pollution, higher population, or perhaps weather related i.e. the lack of a
hurricane over the past ten years.
From the samples taken, there is evidence of an increase in potential pathogens
from 2014 to 2016. This could result from the reduced number of samples taken in the
year 2014 (21 samples) to the year 2016 (48 samples). The pathogen averages from 2014
to 2016 increase as well. The 2014 samples only produced about a 9.45E+00 sum of
pathogen OTUs while the 2015 samples equaled 13.7718386 average sum for pathogen
OTUs, and the 2016 samples concluded with a 20.9477327 average sum for pathogen
OTUs. Figure 13 demonstrates the comparison of the only two locations that were
sampled all three years of the study. There is an observed increase in the number of
species by year which could be from the amount of sample taken or by an increase in
communities, pathogenic or not.
Beta diversity is the measure of diversity between locations and we calculated the
beta diversity within the study using a Bray-Curtis dissimilarity index, which is shown
visually in Figures 19, 20 and 21. Dendrograms show the grouping of the samples by
location representing differences in beta diversity by location. There is over 90%
difference between some of the samples in Figure 19. There is also some distinct
grouping of the samples by the types but also a few outliers that do not group with
anything. We can say that there is spatial diversity via microbial beta diversity. At the
Indian Creek Location (Figure 20), the samples do not group together like expected and
the groups that are there do appear are more than 70% dissimilar from each other. At the
Gibbs Memorial park Location (Figure 21), the grouping is a more expected and they are
only about 50% dissimilar from each other.
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COMMUNITY COMPOSITION
Community composition was characterized with a non-metric multidimensional
scaling (NMDS) plot, which takes information about the communities and compresses it
into a single two-dimensional plot using the data rank approach. Figures 5 and 6 show
that there is no significant observed clustering of samples within each location and within
each type. This means that there is no location-specific temporal variation in the
community composition. The spacing between the data points represents how much the
community fluctuates over time and the closer the clustering, the less variation in
community composition during the duration of the study (three years). Figure 7 showed
the specific location, Gibbs Memorial Park, with the three different sample types (before
the flooding, during the flooding, and after the flooding) displayed into a NMDS plot.
There is significant clustering of the ‘before’ samples and ‘during’ samples compared to
the samples taken ‘after’ the flooding event, which gives evidence that the ‘after’ samples
are indeed significantly different from the other samples taken meaning that the microbial
communities are different.
The sample locations were all chosen based on the fact that they do receive ample
amounts of flood waters during the King tide events. It would seem sensible that the
NMDS plot for the location did not show much variation and that they all overlap for this
reason. However, the NMDS plot for type was expected to have more variation,
especially the samples taken during normal or non-flooding times. The “Beach” category
has the least alpha and microbial community variation, which is expected because it only
had two samples, while the “Canal only” category has the second least variation with
only 6 different samples. The type “Coast” seems to have the most variation, which could
be explained by the high amounts of traffic in on some coasts compared to others than
have no traffic. The type “Pump/Drain” also had a high variation, this is explained by the
nature of the sample itself, it is samples taken directly at a Pump or at a storm drain.
There is large amounts of water and microbial communities that go through there all of
which could be different communities mixing together at different times. Regardless, the
lack of variation among all the samples and lack of clustering tells us that the sample
types are not that dissimilar from one another.
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CONCLUSIONS
Microbial diversity appeared to have a lot of variation between locations and
between types, while community composition was very similar between both locations
and types within the sample set. Some pathogens present which were in high abundance
at several locales, such as Campylobacter, should present a reasonable cause for a public
health concern on the beaches in the nearby water. These urban water systems have
proven to have potential to tell us more about the microorganisms associated with
different cities, more about the health characteristics of the populations living there, and
more about or if the organisms are influencing the human boundary with the natural
environment. These insights can also provide some evidence as to the degree at which
humans impact the water systems however, more sampling should be done at the sample
sites on a regular basis to determine temporal or seasonal variation. This study represents
only a starting point for future studies.
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SUPPLEMENTAL FIGURES AND TABLES
Supplemental Table 4: Table from AOML of original samples ID name, Unique AOML samples filter ID #, Dot Label,
Date sent to NSU for sequencing, Qubit Raw QF, DNA extraction concentration ng/uL, filter type, time of collection,
and date of sample collection. Not all samples were used due to lack of DNA extract.
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Supplemental Figure 1:Distribution of bacterial taxa represented in this Krona chart of the top 10 most abundant
OTUs at the Family level created using an excel template for Site A Indian Creek and 27th Street for the type
Floodwater..
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Supplement Figure 2: Krona chart of the top 10 OTUs at the Family level created using an excel template for site A or
Indian Creek and 27th Street for the type Pump.
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Supplement Figure 3: Krona chart of the top 10 OTUs at the Family level created using an excel template for site A or
Indian Creek and 27th Street for the type Street.
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Supplemental Figure 4:Krona chart of the top 10 OTUs at the Family level created using an excel template for site B
or Gibbs Memorial Park for the type Coast..
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Supplemental Figure 5: Krona chart of the top 10 OTUs at the Family level created using an excel template for site B
or Gibbs Memorial Park for the type Pump/Canal.
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Supplemental Figure 6: Krona chart of the top 10 OTUs at the Family level created using an excel template for site
C or 14th Street condo storm drain for the type Pump/Drain.
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Supplemental Figure 7: Krona chart of the top 10 OTUs at the Family level created using an excel template for site E
or Las Olas and Coral Way for the type Canal.
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Supplemental Figure 8: Krona chart of the top 10 OTUs at the Family level created using an excel template for site E
or Las Olas and Coral Way Intersection for the type Flooding.
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Supplemental Figure 9: Krona chart of the top 10 OTUs at the Family level created using an excel template for site F
or the Permanent Pump at 17th Street discharging to Dade Canal for the type Pump/Canal.
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Supplemental Figure 10: Krona chart of the top 10 OTUs at the Family level created using an excel template for site D
or the Pedestrian Footbridge at Indian Creek for the type Flooding
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Supplemental Figure 11: Krona chart of the top 10 OTUs at the Family level created using an excel template for site G
or Boat Transect T1 for the type Coast.
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Supplemental Figure 12: Krona chart of the top 10 OTUs at the Family level created using an excel template for site G
or Boat transect T2 for the type Coast.
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Supplemental Figure 13: Krona chart of the top 10 OTUs at the Family level created using an excel template for site G
or Boat Transect T3 for the type Coast.
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Supplemental Figure 14: Krona chart of the top 10 OTUs at the Family level created using an excel template for site G
or Boat Transect T4 for the type Coast.
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Supplemental Figure 15: Krona chart of the top 10 OTUs at the Family level created using an excel template for site G
or Boat transect T5 for the type Coast.
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Supplemental Figure 16: Krona chart of the top 10 OTUs at the Family level created using an excel template for site H
or Shore Crest Canal and Little River Pocket park for the type Flooding.
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Supplemental Figure 17: Krona chart of the top 10 OTUs at the Family level created using an excel template for site I
or Hobie Beach Afternoon for the type Beach.
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Supplemental Figure 18: Krona chart of the top 10 OTUs at the Family level created using an excel template for site I
or Hobie Beach Morning for the type Beach.
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Supplemental Figure 19: Krona chart of the top 10 OTUs at the Family level created using an excel template for site J
or Las Olas New River at the Carrie B Cruise Dock for the type Canal
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.
Supplemental Figure 20: Krona chart of the top 10 OTUs at the Family level created using an excel template for site J
or Las Olas street flooding at the New River Drive across from the Carrie B Cruise Dock for the type Flooding.
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Supplemental Figure 21: Closer view of 14th Street Canal Location. Map was created using google maps.

Supplemental Figure 22: Closer view of 17th Street discharge, Gibbs Memorial Park and Location at Gibbs Memorial
Park temporary pump. Map was created using Google Maps.
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Supplemental Figure 23: Closer view of Las Olas Blvd and Coral Way intersect as well as the Portable pump location.
Map was created using Google Maps.

Supplemental Figure 24: Closer view of Indian Creek Canal & 27th Street as well as the Pedestrian Footbridge at
Indian Creek and 28th Street. Map was created using Google Maps.
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Supplemental Figure 25: Closer view of Shore Crest Canal and Little River Pocket Park as well as the Shore Crest
Canal Storm Drain. Map was created using Google Maps.

Supplemental Figure 26: Closer view of Las Olas New River at the Carrie B Cruise Dock and the flooding across the
street from the cruise dock. Map was created using Google Maps.
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Supplemental Table 2: Tukey test for Type. Demonstrates that no type is significantly different from one another

Tukey multiple comparisons of means
95% family-wise confidence level
Fit: aov(formula = distances ~ group, data = df)
$group
Canal Only-Beach
Coast-Beach
Flooding-Beach
Pump/Canal-Beach
Pump/Drain-Beach
Coast-Canal Only
Flooding-Canal Only
Pump/Canal-Canal Only
Pump/Drain-Canal Only
Flooding-Coast
Pump/Canal-Coast
Pump/Drain-Coast
Pump/Canal-Flooding
Pump/Drain-Flooding
Pump/Drain-Pump/Canal

diff
lwr
upr
p adj
-0.046333133 0.44515448 0.35248821
0.9993912
0.041714101 -0.31903338 0.40246158
0.9994049
0.133118252 -0.22762923 0.49386573
0.8897357
0.032495473 -0.32759789 0.39258883
0.9998232
0.113904149 -0.25123749 0.47904579
0.9431348
0.088047234 -0.13691835 0.31301281
0.8628562
0.179451384 -0.04551419 0.40441696
0.1954181
0.078828605 -0.14508655 0.30274376
0.9078884
0.160237282 -0.07170924 0.39218380
0.3432059
0.091404151 -0.05587039 0.23867869
0.4654355
-0.009218628 -0.15488356 0.13644631
0.9999694
0.072190048 -0.08554221 0.22992231
0.7652946
-0.100622779 -0.24628771 0.04504216
0.3432946
-0.019214103 -0.17694636 0.13851816
0.9992335
0.081408676 -0.07482176 0.23763911
0.6531485
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Supplemental Table 3: Tukey test for Pump Vs. Non-Pump sample types. Demonstrates that the type Pump is
significantly different from the type Non-Pump.

Tukey multiple comparisons of means
95% family-wise confidence level
Fit: aov(formula = distances ~ group, data = df)
$group

diff
lwr
upr p adj
Pump -Non-Pump -0.05956039 -0.1087192 -0.01040158 0.018125
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Supplemental Table 4: Tukey test for Broward vs Miami Counties. Demonstrates that Broward and Miami counties are
significantly different from each other.

Tukey multiple comparisons of means
95% family-wise confidence level
Fit: aov(formula = distances ~ group, data = df)
$group

diff
lwr
upr p adj
Miami-Broward 0.09027857 0.003428941 0.1771282 0.041789
Supplemental Table 5: Tukey test for Locations. Demonstrates that no location is significantly different from another
location.

Tukey multiple comparisons of means
95% family-wise confidence level
Fit: aov(formula = distances ~ group, data = df)
$group
diff
17th Street permanent pump-14th Street Condo
Boat Transect-14th Street Condo
Carrie B Cruise Dock-14th Street Condo
Gibbs Park-14th Street Condo
Hobie Beach-14th Street Condo
Indian Creek_27th Street-14th Street Condo
Las Olas_Coral Way-14th Street Condo
Pedestrian Footbridge @ Indian Creek-14th Street Condo
Shore Crest Canal-14th Street Condo
Boat Transect-17th Street permanent pump
Carrie B Cruise Dock-17th Street permanent pump
Gibbs Park-17th Street permanent pump
Hobie Beach-17th Street permanent pump
Indian Creek_27th Street-17th Street permanent pump
Las Olas_Coral Way-17th Street permanent pump
Pedestrian Footbridge @ Indian Creek-17th Street permanent pump
Shore Crest Canal-17th Street permanent pump
Carrie B Cruise Dock-Boat Transect
Gibbs Park-Boat Transect
Hobie Beach-Boat Transect
Indian Creek_27th Street-Boat Transect
Las Olas_Coral Way-Boat Transect
Pedestrian Footbridge @ Indian Creek-Boat Transect
Shore Crest Canal-Boat Transect
Gibbs Park-Carrie B Cruise Dock
Hobie Beach-Carrie B Cruise Dock

-0.101530255
-0.085863279
-0.154497974
-0.086478586
-0.113904149
-0.080480410
-0.225074663
-0.262808851
-0.066096059
0.015666975
-0.052967719
0.015051668
-0.012373894
0.021049845
-0.123544408
-0.161278597
0.035434195
-0.068634695
-0.000615307
-0.028040870
0.005382870
-0.139211384
-0.176945572
0.019767220
0.068019388
0.040593825
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Indian Creek_27th Street-Carrie B Cruise Dock
Las Olas_Coral Way-Carrie B Cruise Dock
Pedestrian Footbridge @ Indian Creek-Carrie B Cruise Dock
Shore Crest Canal-Carrie B Cruise Dock
Hobie Beach-Gibbs Park
Indian Creek_27th Street-Gibbs Park
Las Olas_Coral Way-Gibbs Park
Pedestrian Footbridge @ Indian Creek-Gibbs Park
Shore Crest Canal-Gibbs Park
Indian Creek_27th Street-Hobie Beach
Las Olas_Coral Way-Hobie Beach
Pedestrian Footbridge @ Indian Creek-Hobie Beach
Shore Crest Canal-Hobie Beach
Las Olas_Coral Way-Indian Creek_27th Street
Pedestrian Footbridge @ Indian Creek-Indian Creek_27th Street
Shore Crest Canal-Indian Creek_27th Street
Pedestrian Footbridge @ Indian Creek-Las Olas_Coral Way
Shore Crest Canal-Las Olas_Coral Way
Shore Crest Canal-Pedestrian Footbridge @ Indian Creek
17th Street permanent pump-14th Street Condo
Boat Transect-14th Street Condo
Carrie B Cruise Dock-14th Street Condo
Gibbs Park-14th Street Condo
Hobie Beach-14th Street Condo
Indian Creek_27th Street-14th Street Condo
Las Olas_Coral Way-14th Street Condo
Pedestrian Footbridge @ Indian Creek-14th Street Condo
Shore Crest Canal-14th Street Condo
Boat Transect-17th Street permanent pump
Carrie B Cruise Dock-17th Street permanent pump
Gibbs Park-17th Street permanent pump
Hobie Beach-17th Street permanent pump
Indian Creek_27th Street-17th Street permanent pump
Las Olas_Coral Way-17th Street permanent pump
Pedestrian Footbridge @ Indian Creek-17th Street permanent pump
Shore Crest Canal-17th Street permanent pump
Carrie B Cruise Dock-Boat Transect
Gibbs Park-Boat Transect
Hobie Beach-Boat Transect
Indian Creek_27th Street-Boat Transect
Las Olas_Coral Way-Boat Transect
Pedestrian Footbridge @ Indian Creek-Boat Transect
Shore Crest Canal-Boat Transect
Gibbs Park-Carrie B Cruise Dock
Hobie Beach-Carrie B Cruise Dock
Indian Creek_27th Street-Carrie B Cruise Dock
Las Olas_Coral Way-Carrie B Cruise Dock

0.074017564
-0.070576689
-0.108310877
0.088401915
-0.027425563
0.005998177
-0.138596077
-0.176330265
0.020382527
0.033423739
-0.111170514
-0.148904702
0.047808090
-0.144594253
-0.182328442
0.014384350
-0.037734188
0.158978604
0.196712792
lwr
-0.3445967
-0.3117974
-0.4429186
-0.2757454
-0.5377049
-0.2813107
-0.5134953
-0.5320170
-0.3545167
-0.2532484
-0.3761638
-0.2238859
-0.4605662
-0.2271478
-0.4467405
-0.4674522
-0.2877619
-0.3791514
-0.2221015
-0.4671779
-0.2260626
-0.4497281
-0.4697036
-0.2907495
-0.2169303
-0.4337283
-0.2187404
-0.4291305
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Pedestrian Footbridge @ Indian Creek-Carrie B Cruise Dock
Shore Crest Canal-Carrie B Cruise Dock
Hobie Beach-Gibbs Park
Indian Creek_27th Street-Gibbs Park
Las Olas_Coral Way-Gibbs Park
Pedestrian Footbridge @ Indian Creek-Gibbs Park
Shore Crest Canal-Gibbs Park
Indian Creek_27th Street-Hobie Beach
Las Olas_Coral Way-Hobie Beach
Pedestrian Footbridge @ Indian Creek-Hobie Beach
Shore Crest Canal-Hobie Beach
Las Olas_Coral Way-Indian Creek_27th Street
Pedestrian Footbridge @ Indian Creek-Indian Creek_27th Street
Shore Crest Canal-Indian Creek_27th Street
Pedestrian Footbridge @ Indian Creek-Las Olas_Coral Way
Shore Crest Canal-Las Olas_Coral Way
Shore Crest Canal-Pedestrian Footbridge @ Indian Creek
upr
17th Street permanent pump-14th Street Condo
Boat Transect-14th Street Condo
Carrie B Cruise Dock-14th Street Condo
Gibbs Park-14th Street Condo
Hobie Beach-14th Street Condo
Indian Creek_27th Street-14th Street Condo
Las Olas_Coral Way-14th Street Condo
Pedestrian Footbridge @ Indian Creek-14th Street Condo
Shore Crest Canal-14th Street Condo
Boat Transect-17th Street permanent pump
Carrie B Cruise Dock-17th Street permanent pump
Gibbs Park-17th Street permanent pump
Hobie Beach-17th Street permanent pump
Indian Creek_27th Street-17th Street permanent pump
Las Olas_Coral Way-17th Street permanent pump
Pedestrian Footbridge @ Indian Creek-17th Street permanent pump
Shore Crest Canal-17th Street permanent pump
Carrie B Cruise Dock-Boat Transect
Gibbs Park-Boat Transect
Hobie Beach-Boat Transect
Indian Creek_27th Street-Boat Transect
Las Olas_Coral Way-Boat Transect
Pedestrian Footbridge @ Indian Creek-Boat Transect
Shore Crest Canal-Boat Transect
Gibbs Park-Carrie B Cruise Dock
Hobie Beach-Carrie B Cruise Dock
Indian Creek_27th Street-Carrie B Cruise Dock
Las Olas_Coral Way-Carrie B Cruise Dock
Pedestrian Footbridge @ Indian Creek-Carrie B Cruise Dock

-0.4516001
-0.2701519
-0.4488719
-0.1898148
-0.4235458
-0.4418165
-0.2645672
-0.3933407
-0.5854927
-0.6117957
-0.4265141
-0.4373522
-0.4561785
-0.2783736
-0.3810234
-0.1995752
-0.1465764
0.141536156
0.140070839
0.133922626
0.102788191
0.309896620
0.120349918
0.063345937
0.006399315
0.222324540
0.284582365
0.270228356
0.253989262
0.435818422
0.269247511
0.199651667
0.144895043
0.358630271
0.241882050
0.220870854
0.411096123
0.236828386
0.171305361
0.115812423
0.330283965
0.352969096
0.514915988
0.366775559
0.287977164
0.234978301
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Shore Crest Canal-Carrie B Cruise Dock
Hobie Beach-Gibbs Park
Indian Creek_27th Street-Gibbs Park
Las Olas_Coral Way-Gibbs Park
Pedestrian Footbridge @ Indian Creek-Gibbs Park
Shore Crest Canal-Gibbs Park
Indian Creek_27th Street-Hobie Beach
Las Olas_Coral Way-Hobie Beach
Pedestrian Footbridge @ Indian Creek-Hobie Beach
Shore Crest Canal-Hobie Beach
Las Olas_Coral Way-Indian Creek_27th Street
Pedestrian Footbridge @ Indian Creek-Indian Creek_27th Street
Shore Crest Canal-Indian Creek_27th Street
Pedestrian Footbridge @ Indian Creek-Las Olas_Coral Way
Shore Crest Canal-Las Olas_Coral Way
Shore Crest Canal-Pedestrian Footbridge @ Indian Creek
adj
17th Street permanent pump-14th Street Condo
Boat Transect-14th Street Condo
Carrie B Cruise Dock-14th Street Condo
Gibbs Park-14th Street Condo
Hobie Beach-14th Street Condo
Indian Creek_27th Street-14th Street Condo
Las Olas_Coral Way-14th Street Condo
Pedestrian Footbridge @ Indian Creek-14th Street Condo
Shore Crest Canal-14th Street Condo
Boat Transect-17th Street permanent pump
Carrie B Cruise Dock-17th Street permanent pump
Gibbs Park-17th Street permanent pump
Hobie Beach-17th Street permanent pump
Indian Creek_27th Street-17th Street permanent pump
Las Olas_Coral Way-17th Street permanent pump
Pedestrian Footbridge @ Indian Creek-17th Street permanent pump
Shore Crest Canal-17th Street permanent pump
Carrie B Cruise Dock-Boat Transect
Gibbs Park-Boat Transect
Hobie Beach-Boat Transect
Indian Creek_27th Street-Boat Transect
Las Olas_Coral Way-Boat Transect
Pedestrian Footbridge @ Indian Creek-Boat Transect
Shore Crest Canal-Boat Transect
Gibbs Park-Carrie B Cruise Dock
Hobie Beach-Carrie B Cruise Dock
Indian Creek_27th Street-Carrie B Cruise Dock
Las Olas_Coral Way-Carrie B Cruise Dock
Pedestrian Footbridge @ Indian Creek-Carrie B Cruise Dock
Shore Crest Canal-Carrie B Cruise Dock

0.446955767
0.394020739
0.201811134
0.146353631
0.089155950
0.305332235
0.460188186
0.363151649
0.313986331
0.522130253
0.148163742
0.091521587
0.307142345
0.305554990
0.517532456
0.540001970
p0.9360547
0.9641604
0.7681137
0.8938451
0.9968517
0.9501332
0.2645061
0.0615256
0.9990878
1.0000000
0.9999421
1.0000000
1.0000000
0.9999998
0.9628117
0.7848288
0.9999982
0.9993164
1.0000000
1.0000000
1.0000000
0.9042858
0.6248334
1.0000000
0.9987408
0.9999998
0.9980286
0.9997333
0.9897743
0.9983781
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Hobie Beach-Gibbs Park
Indian Creek_27th Street-Gibbs Park
Las Olas_Coral Way-Gibbs Park
Pedestrian Footbridge @ Indian Creek-Gibbs Park
Shore Crest Canal-Gibbs Park
Indian Creek_27th Street-Hobie Beach
Las Olas_Coral Way-Hobie Beach
Pedestrian Footbridge @ Indian Creek-Hobie Beach
Shore Crest Canal-Hobie Beach
Las Olas_Coral Way-Indian Creek_27th Street
Pedestrian Footbridge @ Indian Creek-Indian Creek_27th Street
Shore Crest Canal-Indian Creek_27th Street
Pedestrian Footbridge @ Indian Creek-Las Olas_Coral Way
Shore Crest Canal-Las Olas_Coral Way
Shore Crest Canal-Pedestrian Footbridge @ Indian Creek

1.0000000
1.0000000
0.8529351
0.4919295
1.0000000
0.9999999
0.9989099
0.9882748
0.9999991
0.8412693
0.4883775
1.0000000
0.9999981
0.9099758
0.6928090

Supplemental Table 6: Tukey test for Fecal types: All, Dog/Ent, Ent, Hum/Ent, and None.

Tukey multiple comparisons of means
95% family-wise confidence level
Fit: aov(formula = distances ~ group, data = df)
$group
Dog/Ent-All
Ent-All
Hum/Ent-All
None-All
Ent-Dog/Ent
Hum/Ent-Dog/Ent
None-Dog/Ent
Hum/Ent-Ent
None-Ent
None-Hum/Ent

diff
-0.1891448687
-0.0172686585
-0.0174647717
-0.0053156065
0.1718762102
0.1716800970
0.1838292622
-0.0001961132
0.0119530520
0.0121491652

lwr
-0.41257365
-0.12076859
-0.13514608
-0.10881554
-0.05389058
-0.06092965
-0.04193752
-0.12225803
-0.09650180
-0.10991275

upr
0.03428392
0.08623128
0.10021654
0.09818433
0.39764300
0.40428985
0.40959605
0.12186580
0.12040791
0.13421108

p adj
0.1368569
0.9902551
0.9937666
0.9999038
0.2206845
0.2486719
0.1652125
1.0000000
0.9980326
0.9986803
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Significance Statement
This study reports a comprehensive analysis of coastal floodwaters within South
Florida and their possible impact on the surrounding habitats and ecosystems. Examining
the microbial community present within different locations in which flooding occurs
most of the year from Broward and Miami-Dade counties revealed that there are
potentially pathogenic microbial communities present within these locations and
surrounding waters. These findings provide support for the hypothesis that the microbial
communities are changing due to the construction and use of permanent pumps that do
not treat the water they dump back into the bay.
Summary
Virtually all coastal communities in Southeast Florida are now experiencing
increased incidents of coastal tidal flooding and coastal storm flooding related to sea
level rise. This has led to a variety of responses by coastal communities in how to address
this issue. In the case of the City of Miami Beach, the city has come up with an ambitious
but expensive plan to help combat the increased urban coastal flooding that is now
occurring multiple times a year. They invested over 500 million dollars into replacing the
increasingly less-effective gravity-based drainage system with a pump-based system
(Bray, et. al, 2016). With these influences, we hypothesized that microbial communities
would significantly differ between three years (2014-2016) and that the potential
pathogens would increase over the past years. Genetic analyses of the 16S rRNA V4
region yielded a total of 77,346 unique bacterial OTUs from a total of 96 samples
collected monthly for three years from 2014-2016.
The most abundant OTU within the whole sample set was
New.ReferenceOTU407 or Arcobacter in the Campylobacter family with an overall
abundance of 0.008232535481%. The second most abundant organism in the sample set
was Bacillus, or OTUNew.CleanUp.ReferenceOTU121132, with an overall abundance of
.007797807097%. Bacillus may cause many more foodborne illness than is known and
one main reason that there is not more reported cases is because people do not seek
medical attention (FDA 2012). The remaining pathogens except for Serratia,
Pleisomonas, and Cronobacter were all with an abundance over .001%, with Salmonella,
Yersinia, and Listeria not being identified at all within the data set. By showing that
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genetic signatures for this bacterium, especially Arcobacter, was present in more than
half of the samples stresses the importance of better understanding of the microbial
population within South Florida waters and how to prevent or reduce future outbreaks by
making sure the water is treated correctly before use, and to better identify potential
exposure sources in water.
Introduction
In order to combat the increased flooding in the City of Miami Beach, the
city has come up with an expensive plan. They invested over 500 million dollars into
replacing the gravity-based drainage system with a pump-based system (Bray, et. al,
2016) since the traditional gravity-based drainage approach is progressively losing
effectiveness as sea level rises and chronic coastal flooding becomes more frequent and
severe. These pumping systems, along with other floodwater mitigation improvements
such as raising streets and sidewalks, actively changing layouts of beach areas and
associated drainage, changing placements of seawalls and/or natural barriers, etc., are
being put into place in hopes of preventing the rising waters from damaging public
infrastructure, homes, and businesses, or from discouraging the economically important
tourism of the area. Naturally the coastal floodwaters pick up a variety of contaminants
and debris, and the pumping system moves these floodwaters to a collection of central
floodwater catchment points that then discharge the collected floodwaters from the area
back into Biscayne Bay or into urban canals that in turn empty back into the Bay. The
pumping catchments work like a vortex system that rids the water of bigger debris at a
rate of 14,000 gallons per minute; however, this system does not chemically treat the
water, remove dissolved nutrients or other chemicals, nor remove potentially harmful
microbes (Wendel, 2016). The microbes being mobilized by the floodwaters are not all
coming directly from the street, they can also come from biofilms in storm drains and on
other urban infrastructure, and in the case of tidal floodwaters, it is not just surface
flooding, but also flooding from underneath that can mobilize underground contaminants
into the floodwaters. Many urban areas typically use separate sewer systems to transport
wastewater and storm water with the two pipes buried very close together and with
Miami being an older community, the possibility of misconnections or corrosion over the
years is possible (Hu, 2018). According to McLellan, in a single combined sewer
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overflow, millions to billions of gallons of storm water runoff and untreated sewage can
be released and with the bacterial densities in storm water and sanitary sewage being
much higher than receiving waters, these overflow events could leave a significant
imprint on the natural bacterial community (McLellan, 2015). The specific contaminants
picked up by such tidal floodwaters depends on the history of the area being flooded and
its legacy of subsurface contamination. Like many urbanized coastal municipalities
throughout the US and around the world, the city has an old sanitary infrastructure with
potentially leaking sewage systems, retired septic tanks, and other potentially faulty
sanitary infrastructure layered on top of a bed of porous limestone that allows the water
to soak up through the soil, picking up bacteria on its way (Wendel, 2016, Who we are:
Coral Reef Ecosystems, 2016).). In addition, certain areas may have a legacy of
underground contamination of petrochemicals, heavy metals, pesticides, commercial
chemicals, and so forth from sites of old gas stations, dry cleaners, fabrication shops,
industrial sites, etc. The increased tidal inundation of the highly urbanized shoreline is
more than likely to contribute to increased mobilization of microbes, chemicals, excess
nutrients, and other contaminants, so as these coastal communities start to deal with the
sea level rise, consideration needs to be made of not just where and how deep flooding is
occurring, but also what potential land-based contaminants the floodwaters are
mobilizing, and to recognize the potential risk to both public and environmental health
represented by these floodwaters. Thus, in the management and planning of coastal
flooding mitigation, they also need to consider the management of the resulting water
quality impacts from floodwaters.
Coastal waters can have a completely different microbiome than the ocean that it
is connected to and the coastal waters located in southeast Florida possess very different
habitats than most. This coastline extends 142 km and is comprised of Miami-Dade,
Broward, and Palm beach counties with a total population of 5,710,953 people
(Campbell, 2015). The local reef ecosystem provides for most of the diversity within the
Florida coast, the reefs run parallel to the shoreline, making up about 125 km (Campbell,
2015). The microbial composition changes significantly across seasons which could be
due to the distinct wet and dry seasons that southeast Florida demonstrates, however,
land-based pollution could also be a huge problem along the coast that could cause the
microbial communities to be very diverse (O’Connell, 2018). This increase in land-based
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runoff can result in eutrophication which can lead to conditions of hypoxia or anoxia and
decreased biodiversity which could in turn result in an increase of phytoplankton,
harmful algal blooms, and decreased zooplankton, bacterioplankton, and macro-organism
diversity (O’Connell, 2018). The reef and the surrounding water has been negatively
impacted over the years by the population of animals that inhabit it and people who use
the beaches and oceans for recreational purposes. So much that in 2000, the US Beaches
Environmental Assessment, Closure, and Health (BEACH) Act was passed in hopes of
developing beach surveillance programs that advise and inform the beach-goers of health
risks
(Agency, 2004). These health risks can include gastrointestinal and other water-borne
illnesses they could encounter while swimming. The quality of water is monitored using
fecal indicator bacteria (FIB), with enterococci being the recommended FIB for coastal
water and other marine environments (Aranda, 2015). From 2000 to present, the Florida
Department of Health (FDOH) has run a surveillance program within all coastal counties
with Miami-Dade County samples being collected once a week and resampling occurring
when the results exceed either the 30-day geometric mean of 35 colony forming units
(CFU) per 100 ml of water or 104 CFU/100 ml of water (Aranda, 2015). This work on
FIB in southeast Florida waters showed seasonal spikes (during the rainy season) of
Enterococci and Staphylococcus aureus due to nonpoint source storm water,
contamination sewage, dog feces, and human shedding (Campbell, 2015)
Results
Tidal floodwaters were collected on four different dates on which extreme tide
events occurred: September 9, 2014, September 29, 2015, October 27, 2015, and October
28, 2015. The samples were collected by Dr. Henry Briceño (FIU), Dr. Chris
Sinigalliano (AOML), Dr. Maribeth Gidley (UM-CIMAS), and their colleagues, through
FIU-SERC (Florida International University – Southeast Environmental Research
Center), NOAA-AOML (National Oceanic and Atmospheric Administration – Atlantic
Oceanographic & Meteorological Laboratory), and University of Miami – Cooperative
Institute for Marine and Atmospheric Studies). Samples were collected from a total of 10
selected sites including coastal receiving waters of western Biscayne Bay, tidal
floodwater discharges pumped into storm drain outfalls along the shore of Miami Beach
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at Biscayne Bay, standing tidal floodwaters in streets/yards, standing tidal floodwaters on
beaches, and tidal floodwater discharges from pumps into canal outfalls (which canals
eventually emptied into Biscayne Bay). Samples were collected on these dates from
before, during, and after peak tides.
Community Composition
We used a non-metric multidimensional scaling (NMDS) plot to
characterize the community composition and beta diversity across the OTUSs within
each sample site (Figure 5). We also used the same method to characterize the
community composition by what sample type they were (Figure 6). These sample types
included: Coast, Pump/Canal, Pump/Drain, Flooding, Canal Only, and Beach. These
different types are where the samples were taken from at the specific location, for
example, the Flooding category was samples taken directly during a flooding occurrence.
The NMDS plot in Figure 6 shows most sample types clustering together based on
community composition. We can see from the close clustering of points, that the ‘Canal
only’ type has the least variation in community composition over time. This could be due
to numerous reasons such as lack of sample taken during an actual flooding or the human
influence. The site with the largest variation in community composition is the type
‘Coast’. This variation could represent the human impact on the samples taken from
normal water, agricultural runoff, or the change in water flow or depth from the natural
tides of the ocean.
Microbial Diversity
The diversity represented within a site that is expressed in terms of species
richness is referred to as alpha diversity. A Tukey comparison of means is used to
determine significant differences in alpha diversity, followed by a box plot to display
visually represented in Figure 8. The Tukey test in terms of Locations showed that no
location is significantly different from another.
Environmental Effects
To determine whether or not environmental variables had an effect on the study
and could be considered a driver of change, a canonical correspondence analysis was run
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in R Studio on the Vegan package (Figure 18). On the plot, the CCA1 axis represents the
variable locations and CCA2 represents the Date. This test allows the researcher to
measure the spread of samples relative to the variables in order to interpret the specific
effects of the two or more variables. The results of this test indicate that the location from
which the sample was collected is the most influential variable at about ~12% of the
variance, followed by the date the sample was collected at about ~4% of the variance, and
then total organic carbon was the third most influential variable at about ~2% of the
variance.
CCA plots show all of the locations within the study cluster and are not
significantly different from one another (CCA p-value=0.123). The leading driver for the
Pump/Drain sites is TOC.ppm, or total organic carbon (Figure 18), with total nitrogen
and total phosphate being significant drivers as well.
Abundance
The rank abundance was analyzed for each OTU in the data set using the program
R studio. Rank abundance can be used to represent both species evenness and richness.
Due to the complexity of the data set, the taxonomic profiles of OTU were aggregated by
location, then ranked by abundance of the top 20 OTU’s from highest to lowest into a
Krona chart. The average abundance of the top 20 OTU’s from all the samples together
was taken and visualized in a hierarchical Krona pie chart. These krona charts are
displayed at the Family or Order level due to the OTU’s not being able to be identified at
the genus level consistently enough. The most abundant OTU found within the sample set
across all locations was New.ReferenceOTU407, making up .78% of the sample set. This
particular OTU belongs to Arcobacter in the Campylobacterales family. Campylobacter
is the most common cause of bacterial enteritis in the U.S. and the infections are usually
caused by C. jejuni or C. coli, however, refinements in isolation and identification
methods have found Arcobacter to be enteric human pathogens(Olivier Vandenberg
2004). In Figure 19, non-pathogenic proteobacteria dominates this Krona chart, with
Rhodocyclaceae making up about 12% of the sample set across all ten sites. The order
Rhodocyclaceae, associated with the Betaproteobacteria, currently consists a single
family, with 18 genera that display many different modes of living: Anoxygenic
photoheterotrophs; plant-associated nitrogen-fixing aerobes, species that degrade a range
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of carbon sources; and sulfur-oxidizing chemoautotrophs (Oren 2014). In Figure 23, the
17th street permanent pump is represented where the Campylobacterales family makes up
19% of the sample set, Vibrionales makes up 15%, and Rhodobacterales makes up 23%
of the sample set.
Discussion
The most abundant OTU was New.ReferenceOTU407 or Arcobacter in the
Campylobacter family with an overall abundance of 0.008232535481%. The Kronas plot
listed in Figures 19- 23 are all the locations that included this potential pathogen. C.
jejuni, C. coli, and Arcobacter are the specific species of interest. C. jejuni is the third
leading bacterial cause of foodborne illness in the US (CDC, 2017). This bacterium can
make its way into the agricultural world through raw dairy products and contaminated
water while typically living in the gut of livestock. The mechanisms by which the
pathogenesis occurs is not well understood and usually vary based on the virulence genes
that are present in a certain strain (FDA, 2012). Acrobacter differs from Campylobacter
spp. by their ability to grow in air and at lower temperatures (Olivier Vandenberg, 2004).
By showing that genetic signatures for this bacterium, especially Arcobacter, was present
in more than half of the samples stresses the importance of better understanding of the
microbial population within South Florida waters and how to prevent or reduce future
outbreaks by making sure the water is treated correctly before use, and to better identify
potential exposure sources in water.
The second most abundant organism in the sample set was Bacillus, or OTU
New.CleanUp.ReferenceOTU121132, with an overall abundance of .007797807097%.
Bacillus might be the cause of many more cases of foodborne illness than is known and
one main reason that there is not more reported cases is because people do not seek
medical attention (FDA, 2012). Two type of sickness occurs from this Bacillus: (1) after
eating contaminated food, the bacteria makes a toxic substance in the small intestine, and
(2) occurs if the Bacillus makes a different kind of toxin in contaminated food and often
affects starchy foods (FDA 2012). The sickness will usually only last a day or so and
includes diarrhea, cramps, and sometimes nausea. B. cereus is widespread in the
environment and is usually isolated from soil however, it can tolerate 7.5% salt
concentration (FDA, 2012).
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The remaining pathogens except for Serratia, Pleisomonas, and Cronobacter
were all with an abundance over .001%, with Salmonella, Yersinia, and Listeria not being
identified at all within the data set. Almost all of the pathogens identified have been
shown to live in environmental standing water when the conditions are ideal. In south
Florida, where the water temperature stay consistent, the conditions are considered to be
ideal year-round.
Experimental Procedures
Samples were collected from a total of 10 selected sites including coastal
receiving waters of western Biscayne Bay, tidal floodwater discharges pumped into storm
drain outfalls along the shore of Miami Beach at Biscayne Bay, standing tidal
floodwaters in streets/yards, standing tidal floodwaters on beaches, and tidal floodwater
discharges from pumps into canal outfalls (which canals eventually emptied into
Biscayne Bay). Samples were collected on these dates from before, during, and after peak
tides. The samples were taken by bucket toss from the specific locations listed, stored in
sterile 2L polypropylene bottles on ice until return to the lab, immediately filtered and
frozen. Controls included field blanks, samples from receiving waters from before and
after pumping, sample processing controls, molecular inhibition controls, extraction
controls, and quantitation controls. Live enterococci fecal indicator bacteria
measurements were conducted as per EPA method 1600. Molecular Microbial Source
Tracking (MST) assays were conducted as per “The California Microbial Source
Identification Manual: A Tiered Approach to Identifying Fecal Pollution Sources to
Beaches” (SCCWRP technical report #804, December 2013).
DNA Extraction
DNA was extracted with the FastDNA Spin kit (in the AOML at NOAA
laboratory) To begin, add up to 500 mg of the DNA sample and 978 μl of Sodium
Phosphate Buffer to a Lysing Matrix E tube. After, add 122 μl MT Buffer and
homogenize for 40 seconds at a speed of 6.0. To ensure that the pellet debris, centrifuge
the sample at 14,000xg for 5-10 minutes and then transfer the supernatant to a clean 2.0
ml microcentrifuge tube. Then add 250 μl of PPS (Protein Precipitation Solution) and
mix 10 times but shaking the tube by hand. After mixing, centrifuge at 14,000xg for 5
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minutes until the pellet precipitates. Transfer the supernatant to a clean 15 ml tube, add
1.0 ml of supernatant to resuspend the binding matrix and place the tube on a rotator for 2
minutes to allow the DNA to bind. Allow the silica matrix in the tube to settle by placing
it on a rack for about 3 minutes. Immediately after remove and discard 500 μl of
supernatant. Resuspend the leftover binding matrix and supernatant and transfer 600 μl of
the mixture to a spin filter. Centrifuge at 14,000xg for 1 minute. Empty the tube and then
add the leftover mixture to the spin filter. Centrifuge again and empty the catch tube
again. Add 500 μl of prepared SEWS-M and mix with the pipet tip to gently resuspend
the pellet. Centrifuge again at 14,000xg for 1 minute, empty the catch tube, replace the
catch tube, and immediately centrifuge a second time at 14,000xg for 2 minutes. This will
dry the matrix of any residual wash solution that may still be present. Replace the catch
tube and air dry the spin filter for about 5 minutes at room temperature. Add 50-100 μl of
DES to the binding matrix to resuspend it and then centrifuge at 14,000xg for 1 minute to
bring eluted DNA into the clean catch tube. Discard the spin filter. The DNA is now
prepared for PCR runs but until then, store at -20°Celcius freezer.
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Illumina High-Throughput Metagenomic Sequencing
After successful extraction of genomic DNA from both studies, a polymerase
chain reaction will be run to ensure that amplifiable DNA is present. Universal bacterial
primers, Eco9 (forward) and Loop27rc (reverse) will be used. The master mix for the
PCR will contain the two primers, PCR buffer, 2mM dNTP, GoTaq (enzyme), and
distilled water. All samples were prepared by following the Illumina 16S Metagenomic
Sequencing Library Preparation guide (2013).
Illumina sequencing techniques work by ligating isolated DNA fragment on both ends to
adapters present on a glass plate and the single stranded fragments are immobilized at one
end to the surface of the plate. When the single stranded fragments become immobilized,
it can create a bridge where it attaches to complimentary adapters (Ansorge 2009).These
complimentary adapters act as primer for the PCR reaction. After the PCR cycles and the
reactions occur, hundreds of copies of DNA polonies are present on the surface of the
place. The primers, DNA polymerase, and the 4 fluorescently labeled reversible end
nucleotides are then washed over the plate to determine if they will be incorporated into
the DNA strand (Ansorge 2009). If they are incorporated, the end nucleotide and where is
exactly is can be detected from a fluorescent signal that is emitted. The terminator group
at the 3’-end of the base is then removed and the process is repeated (Ansorge, 2009).
Sequence analysis
Sequence analysis will be performed using the software package Quantitative
Insights into Microbial Ecology, QIIME (Caporaso, et al. 2010) and the free software
package, R, used for statistical computing and graphics. QIIME is an open-source
software that will be used for analysis of microbial communities. It will be used to
analyze the sequence data outputs from the Illumina data. The website for the QIIME
software can be accessed at http;//qiime.sourceforge.net/. The software will be used to do
network analysis, it will produce histograms that can be used to compare betweensample data while also identifying if there is a main set of organisms that represent
specific habitats (Caporaso, et al. 2010). The paired ends that were removed from the
Miseq were joined with the command join_paired_ends.py. The command
spilt_libraries_fastq.py was then used to demultiplex and quality filter the new sequences.
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The sample names were extracted and sorted with extract_seqs_by_sample_id.py and
then the samples were combined into a single file. After removing the primer sequences,
chimeric sequences identified by de novo (abundance based) and reference-based
chimera detection using UCHIME will be filtered out (Edgar, 2011). These sequences are
then clustered into 97% similar Operational taxonomic units (OTUs) using a combination
of open and closed reference OTU clustering strategies such as USEARCH. Rare OTUs
represented by less than four sequences will be filtered out. The OTUs were picked and
classified based on a reference database named SILVA at a confidence interval of 97%.
Data processing will be performed using MacQIIME 1.9.1(“MacQIIME - Werner Lab,”
2016) and analysis with the RStudio software (version 3.2.1), with the added library
‘picante’ to examine general ecology of the Microbiome (Kembel SW 2010). 16s rRNA
sequence data will be manipulated to show the relative abundance of microbes using
decostand (from the ‘picante’ library). MacQIIME (Quantitative Insights into Microbial
Ecology) will transform raw sequence data into an interpretable form, which can be
analyzed and visualized. A major advantage of QIIME is that it can scale to process
millions of sequences, which is important in this particular study because of the
comparison of many different sample sites. The variation associated with geographical
location, seasonality, and species will be analyzed using these tools. Comparison of OTU
content in the context of bacterial diversity and composition between species can be
analyzed using the Vegan package within R (Caporaso, et al. 2010). This package allows
the user to import, analyze and graphically display very complex phylogenetic data that
has been previously clustered into OTUs.
Richness and alpha diversity will be examined using Krona plots and ANOVA within the
R program. This test can calculate the mean of the diversity found among samples. A
post hoc Tukey test will be performed within the R program as well to determine
significant differences between the relationships of the samples. Bray-Curtis distance will
be calculated to understand beta diversity by determining the dissimilarity between
groups while considering the variation found in composition (Azam, 1983). Data will be
represented as distance matrices and submitted to an Adonis test to further characterize
the beta diversity (Caporaso, et al. 2010).
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Figures

Figure 6: Dispersion of microbiomes by type of site. NMDS plot created in R studio. Each type is represented by its
designated letter in the key on the top right. Each type is also represented by a color to ease the identification visually.
The closer grouped a set of points are the less variation in community structure is seen over time.

105

Figure 8: Alpha microbial diversity of the ten sampling locations. This was created using the inverse-Simpson diversity
index in R studio using the package Vegan.
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Figure 18: CCA analysis done with VEGAN in R Studio. P=0.123 R2=0.353. Grouped on site Type, six distinct groupings
are shown. Total Organic Carbon is shown to be the largest driver with Total Nitrogen and Total Phosphorus being
second and third drivers.
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Figure 19: Krona Chart of top 20 OTUs across all sites at the order level.
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Figure 23: Kronas Plot of a permanent pump at 17th street discharging to the Dade Canal; top 10 OTUs represented.
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